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 Abbreviations 
 
 A 
  
 Abl Abelson murine leukemia  
  viral oncogene homolog 1 
 Akt Protein kinase B 
 ALCAM Activated leukocyte cell 
  adhesion molecule 
 ALK Acute leukemia kinase 
 AMD3100 1,1Ļ-[1,4 phenylenebis   
  (methylene)]bis[1,4,8,11- 
  tetraazacyclotetra 
 decane] 
 AMP Adenosine mono- 
  phosphate 
 AR Androgen receptor 
 Į-SMA Alfa smooth muscle  
    actin 
 ATCC American type culture  
    collection 
 ATM Ataxia telangiectasia 
  mutated 
 ATP Adenosine triphosphate 
 ATR Ataxia telangiectasia and 
  Rad3 related 
 Aur-A Aurokinase-A 
 
 
 B 
 
 BALB  Brag albino 
 BALF Broncho-alveolar lavage  
  fluid 
 BC Breast cancer 
 BCC Breast cancer cell 
 BCT Breast-conserving therapy 
 BL Basal-like 
 BLBC Basal-like breast cancer 
 BLI  Bioluminescent imaging 
 BRCA  Breast carcinoma 
 BSA Bovine serum albumin 
 
 
  
 
 C 
 
 CAF Cancer-associated  
  fibroblast 
 CCD Charged-coupled device 
 CCL Chemokine C-C motif 
  ligand 
 CD Cluster of differentiation 
 CDC Cell division cycle 
 CE Continuous exposure 
 CK Cytokeratin 
 c-Met Cellular mesenchymal-to- 
  epithelial transition factor 
 CMF Cyclophosphamide +  
  methotrexate + fluoro- 
  uracil 
 CMLE Conditioned medium lung 
  epithelial cells 
 CMLE-IR Conditioned medium  
  irradiated lung epithelial 
  cells 
 CMV Cytomegalovirus 
 CSF Colony stimulating factor 
 CT Computed tomography 
 CXCL Chemokine C-X-C motif  
  ligand  
 CXCR Chemokine C-X-C motif 
  receptor  
 CYR61 Cysteine-rich angiogenic 
  inducer 61 
 
 
 D 
 
 DAB 3,3’-diaminobenzidine  
        tetrahydrochloride  
  hydrate 
 DAPI  4',6-diamidino-2 
   phenylindole 
 DC  Dendritic cell 
5
 ddPCR  Droplet digital PCR 
DiI 1,1'-dioctadecyl-3,3,3'3' 
  tetramethylindocarbo- 
  cyanine perchlorate
DM Distant metastasis 
DMEM Dulbecco’s modified 
 Eagle’s medium
DMSO Dimethylsulfoxide 
DNA Deoxyribonucleic acid 
DSB Double strand breaks 
E
EGF Epidermal growth factor 
 ELISA Enzyme-linked 
 immunosorbent assay
EMT Epithelial-to- 
  mesenchymal transition
EPO Erythropoietin 
ER Estrogen receptor 
ERK Extracellular signal- 
  regulated kinase
eV Electron volt 
F 
FAC Fluorouracil + anthra- 
  cycline + cyclophosph-
  amide
FGF Fibroblast growth factor 
FISH Fluorescent in situ 
 hybridization
G
 GAPDH Glyceraldehyde-3- 
 phosphate dehydro-
  genase
G-CSF Granulocyte colony- 
  stimulating factor
GFP Green fluorescent protein 
GM-CSF Granulocyte-macrophage  
 colony-stimulating factor
Gy Gray 
H
 H&E Haematoxylin and eosin 
 H2AX Histone 2A, member X 
HER2 Human epidermal growth  
factor receptor 2 
HGF Hepatocyte growth factor 
HIF Hypoxia-inducible factor 
HMGB1 High mobility group box 1 
HR Homologue recombination 
Hsp Heat shock protein 
I
ICAM Intracellular adhesion 
 molecule
 ICE Incontinuous exposure 
IDC-NOS Invasive ductal carcinoma 
 of no special type
IFN-࠹ Interferon gamma 
IGF Insulin-like growth factor 
IHC Immunohistochemistry 
IL Interleukin 
IM Immunomodulatory 
INPP4B Inositol polyphosphate-4 
phosphatase type II B 
IR Irradiation 
 IVIS In vivo imaging system 
J
 JAK Janus kinase 
6
  K 
 
 kVp Kilovoltage peak 
 
 
 L 
 
 LAR Luminal androgen  
  receptor 
 LBP Lipopolysaccharide   
  binding protein 
 LET Linear energy transfer 
 LRFS Local recurrence-free 
  survival 
 LRR Locoregional recurrence 
 
 
 M 
 
 MAPK Mitogen-activated protein 
  kinase 
 MEK 1/2 Mitogen-activated protein 
  kinase/extracellular signal- 
  regulated kinase kinase 
  1/2 
 MHC Major histocompatibility 
  complex 
 MIF Macrophage migration  
  inhibitory factor    
 miR MicroRNA   
 ML Mesenchymal-like 
 MMP Matrix metalloproteinase 
 MRI Magnetic resonance  
  imaging 
 MRM Modified radical  
  mastectomy 
 MSL Mesenchymal stem-like 
 mTOR Mechanistic target of 
  rapamycin 
 MTT 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyl-
tetrazolium bromide 
 
 MYC Myelocytomatosis viral 
  oncogene 
 
 
 N 
 
 NBLC Normal-like breast cancer 
 NFǉB Nuclear factor kappa B 
 NGF Nerve growth factor 
 NHEJ Non-homologous end 
  joining 
 NK Natural killer cell 
NOD/SCID  Nonobese diabetic/severe 
  immunodeficiency 
 NRAS Neuroblastoma rat  
  sarcoma viral oncogene  
  homolog 
 
 
 O 
 
 OS Overall survival 
 
 
 P 
 
 PARP Poly-adenosine- 
diphosphate-ribose-
polymerase 
 PBS D- Phosphate-buffered saline 
  without calcium and 
  magnesium 
 PBS D+ Phosphate-buffered saline 
  supplemented with  
  calcium and magnesium 
 PCR Polymerase chain  
  reaction 
 pCR Pathologic complete 
  response rate  
 PDGF Platelet-derived growth 
  factor 
 PET Positron emission  
  tomography 
7
 PGE2 Prostaglandin E2 
 PLK Polo-like kinase 
 PMRT Postmastectomy 
 radiation therapy
 PORT Postoperative radiation 
 therapy
PPi Pyrophosphate 
PR Progesterone receptor 
 PRL Partial right lung 
PTEN Phosphatase and tensin 
 homolog
R
Rb Retinoblastoma 
RBE Relative biological 
 effectiveness
RFU Relative fluorescence 
 unit
Rho Rhodopsin 
RLU Relative luminescence 
 unit
 RNA Ribonucleic acid 
RNS Reactive nitrogen species 
 ROI Region of interest 
ROS Reactive oxygen species 
RT Radiation treatment/ 
 Radiotherapy
S 
 SARRP Small animal radiation 
 research platform 
 SCP Single cell-derived 
 population
SD Standard deviation 
SDF-1 Stromal cell-derived 
  factor 1
SM Simple mastectomy 
SPECT  Single photon emission 
  CT
SPSS Statistical package for  
 the social science
SRB Sulforhobamine B 
Src Sarcoma oncogene 
STAT3 Signal transducer and 
 activator of trans-
  cription 3
STR Short tandem repeat 
T
 TAM Tumor-associated  
 macrophages
TBE Tumor bed effect 
TGF-ǃ Transforming growth 
 factor beta
TH-cell Helper T cell 
TME Tumor microenvironment 
TNBC Triple-negative breast 
 cancer
TNC Tenascin C 
TNF Tumor necrosis factor 
TP Tumor protein 
U
UNS Unclassified 
uPA Urokinase-type 
 plasminogen-activator
V
 VCAM Vascular cell adhesion 
 molecule
 VEGF Vascular endothelial 
 growth factor
8
  W 
 
 WT Whole thorax 
 Wnt Wingless-type MMTV 
  integration site family 
  member 
  
9

Summary  
([SHULPHQWDO FRQGLWLRQV VKRZ WKDW UDGLRWKHUDS\LQGXFHG GDPDJH RI QRUPDO WLVVXHV
LQGXFHVDSURPHWDVWDWLFHQYLURQPHQW7KLVUHVHDUFKIRFXVVHGRQWKHVHDUFKIRUIDFWRUV
DVVRFLDWHGZLWKWKHVHSURPHWDVWDWLFHIIHFWVZKLFKFDQEHXVHGDVSRWHQWLDOWKHUDSHXWLF
WDUJHWV
5HFHQWVWXGLHVVKRZWKDWUDGLDWLRQWUHDWPHQWRIFDQFHULQKLELWVSULPDU\WXPRUJURZWK
EXWKDVGLVWXUELQJVLGHHIIHFWVZKLFKFDQFRQWULEXWHWRLQYDVLRQDQGPHWDVWDVLVRIWKH
WXPRU%RWKFDQFHUDQGKRVWFHOOVPD\FRQWULEXWHWRWKHVHHIIHFWV)RULQVWDQFH
LQ EUHDVW FDQFHU WKH OXQJ LV DQ LPSRUWDQW RUJDQ WKDW FDQ VXIIHU IURP FROODWHUDO
GDPDJH7KHSRWHQWLDOLPSDFWRIWKLVGDPDJHRQLQYDVLRQDQGPHWDVWDVLVQHHGVWREH
IXUWKHU LQYHVWLJDWHGWR LPSURYHSDWLHQWRXWFRPH&XUUHQWO\WKHUHDUHQRDGHTXDWH LQ
YLYR PRGHOV ZKLFK VWXG\ WKH PHWDVWDWLF HIIHFW RI LUUDGLDWLRQ LQ KHDOWK\ WLVVXH 9RQ
(VVHQHWDOGHVFULEHGPXOWLSOHLQYLYRPRGHOVEXWWKRVHDUHGDWHG
7KHUHIRUH RXU ILUVW DLPZDV WR GHYHORS DQ LQ YLYRPRGHOZKHUH IROORZXS RI WXPRU
SURJUHVVLRQZDVSRVVLEOH WDNLQJ WKH5َV UHSODFHPHQW UHGXFWLRQDQG UHILQHPHQWRI
DQLPDOZHOIDUHLQWRDFFRXQW:HIRXQGWKDWDELROXPLQHVFHQWFDQFHUFHOOPRGHOKDGWKH
VDPHFKDUDFWHULVWLFDVDSDUHQWDOFDQFHUFHOOPRGHOPDNLQJLWDQLGHDOWRROIRUIXUWKHU
XVHLQLQYLWURDQGLQYLYRVWXGLHV
7KHPDLQ DLP RI WKLV UHVHDUFK ZDV WR GHYHORS DQ LQ YLYR PRGHO WR LQYHVWLJDWH WKH
HIIHFWV RI UDGLRWKHUDS\ RQ KRVW FHOOV DQG WKHLU FRQWULEXWLRQ WR SURLQYDVLYH DQGSUR
PHWDVWDWLFVLGHHIIHFWV:HLUUDGLDWHGKHDOWK\ OXQJFHOOVWLVVXHDQGVWXGLHG LWVHIIHFWV
RQWULSOHQHJDWLYHEUHDVWFDQFHUFHOOVERWKLQYLWURDQGLQYLYR$VLOOXVWUDWHG)LJ
RXU UHVHDUFK UHYHDOHG WKDW LUUDGLDWLRQ RI OXQJ HSLWKHOLDO FHOOV SURPRWHV VHFUHWLRQ RI
FKHPRNLQHV&;&/DQG0,)7KHVHFKHPRNLQHVDUHUHVSRQVLEOHIRUDFWLYDWLRQRIWKH
&;&5 SDWKZD\ LQ WULSOHQHJDWLYH EUHDVW FDQFHU FHOOV UHVXOWLQJ LQ D SURPHWDVWDWLF
FKDUDFWHU 3DUWLDO LUUDGLDWLRQ RI PLFH OXQJV VKRZHG DQ LQFUHDVH LQ DPRXQW RI
11
PHWDVWDVHVDQGPHWDVWDWLFJURZWKFRPSDUHGWRQRQLUUDGLDWHGOXQJV)XUWKHUDQDO\VLV
UHYHDOHG WKDW GLVUXSWLRQ RI WKH &;&/&;&5 DQG 0,)&;&5 LQWHUDFWLRQ LV
HVVHQWLDOIRUWKHEUHDVWFDQFHUFHOOVWRUHWXUQWRWKHLUّQRUPDOْSKHQRW\SH
7KHVHILQGLQJVDOORZXVWRH[SORUHWKHHIIHFWVRIUDGLRWKHUDS\RQPHWDVWDVLVIRUPDWLRQ
DQGFRQWULEXWHWRWKHVHDUFKIRUDQWLPHWDVWDWLFVWUDWHJLHV
Figure 1: Summary figure. Schematic figure showing the multiple processes occurring after irradiation of healthy 
lung cells/ tissue. CXCL12 (chemokine C-X-C motif ligand 12), MIF (macrophage migration inhibitory factor) and 
CXCR4 (chemokine C-X-C motif receptor 4).  
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 Samenvatting 
([SHULPHQWHOH FRQGLWLHV WRQHQ DDQ GDW EHVFKDGLJLQJ YDQ QRUPDDO ZHHIVHO GRRU
UDGLRWKHUDSLHHHQSURPHWDVWDWLVFKHRPJHYLQJFUH­HUW'LWRQGHU]RHNVSLWVW]LFKWRHRS
KHW YLQGHQ YDQ PHWDVWDVHVWLPXOHUHQGH IDFWRUHQ GLH JHEUXLNW NXQQHQ ZRUGHQ DOV
SRWHQWL­OHWKHUDSHXWLVFKHNDQGLGDWHQ
5HFHQWH VWXGLHV WRQHQ DDQGDW UDGLRWKHUDSLH GH JURHL YDQGHSULPDLUH WXPRU DIUHPW
PDDU YHURQWUXVWHQGH ELMZHUNLQJHQ YHUWRRQW GLH NXQQHQ ELMGUDJHQ WRW LQYDVLH HQ
XLW]DDLLQJHQYDQGH WXPRU  =RZHO NDQNHU DOV JDVWKHHUFHOOHQNXQQHQELMGUDJHQ WRW
GH]HHIIHFWHQ %LMERUVWNDQNHUELMYRRUEHHOG LVGHORQJHHQEHODQJULMNRUJDDQGDWWH
OLMGHQ KHHIW RQGHU FROODWHUDOH EHVFKDGLJLQJ GRRU UDGLRWKHUDSLH 'H SRWHQWL­OH LPSDFW
YDQ GH]H VFKDGH RS LQYDVLH HQPHWDVWDVHULQJPRHW QDGHU RQGHU]RFKW ZRUGHQ RP GH
NDQVRSJHQH]LQJYRRUGHSDWL­QWWHYHUEHWHUHQ2SGLWPRPHQW]LMQHURQYROGRHQGHLQ
YLYRPRGHOOHQYRRUGHVWXGLHYDQSURPHWDVWDWLVFKHHIIHFWHQYDQEHVWUDOLQJ LQJH]RQG
ZHHIVHO WHEHVWXGHUHQ9RQ(VVHQHWDOEHVFKUHYHQ UHHGVPHHUGHUH LQ YLYRPRGHOOHQ
PDDUGLH]LMQLQPLGGHOVJHGDWHHUG
'DDURPZDVRQVHHUVWHGRHOKHWRQWZLNNHOHQYDQHHQLQYLYRPRGHOZDDURSYROJLQJYDQ
WXPRUSURJUHVVLH PRJHOLMN ZDV FRQIRUP GH 9
V YHUYDQJLQJ YHUPLQGHULQJ HQ
YHUILMQLQJ YRRU KHW GLHUHQZHO]LMQ %LROXPLQHVFHQWH NDQNHUFHOOHQ YHUWRRQGHQ GH]HOIGH
NHQPHUNHQ DOV GH RRUVSURQNHOLMNH NDQNHUFHOOHQ ZDDUGRRU GH]H FHOOHQ HHQ LGHDDO
KXOSPLGGHO]LMQYRRUYHUGHUHLQYLWURHQLQYLYRVWXGLHV
+HWEHODQJULMNVWHGRHOYDQGLWRQGHU]RHNZDVKHWRQWZLNNHOHQYDQHHQ LQYLYRPRGHO
RP GH HIIHFWHQ YDQ UDGLRWKHUDSLH RS JDVWKHHUFHOOHQ HQ KXQ ELMGUDJH DDQ GH SUR
LQYDVLHYH HQ SURPHWDVWDWLVFKH ELMZHUNLQJHQ WH NXQQHQ RQGHU]RHNHQ *H]RQG
ORQJFHOOHQORQJZHHIVHOZHUGHQEHVWUDDOGHQGHHIIHFWHQHUYDQRSWULSOHQHJDWLHYHERUVW
NDQNHUFHOOHQLQYLWURHQLQYLYRZHUGHQEHVWXGHHUG=RDOVJH±OOXVWUHHUG)LJEOLMNW
XLW RQV RQGHU]RHN GDW EHVWUDOLQJ YDQ SXOPRQDLUH HSLWKHHOFHOOHQ GH VHFUHWLH YDQ GH
13
FKHPRNLQHQ&;&/HQ0,)VWLPXOHHUW'H]HFKHPRNLQHQ]LMQYHUDQWZRRUGHOLMNYRRU
GH DFWLYHULQJ YDQ KHW &;&5WUDMHFW LQ WULSOHQHJDWLHYH ERUVWNDQNHUFHOOHQ ZDW
UHVXOWHHUW LQ HHQPHWDVWDVHVWLPXOHUHQG NDUDNWHU*HGHHOWHOLMNH EHVWUDOLQJ YDQ ORQJHQ
ELM PXL]HQ OHLGGH WRW HHQ WRHQDPH YDQ KHW DDQWDO PHWDVWDVHQ LQ GLH ORQJ HQ HHQ
WRHQDPHLQJURRWWHYDQGHPHWDVWDVHQLQYHUJHOLMNLQJPHWQLHWEHVWUDDOGHSURHIGLHUHQ
8LW YHUGHUH DQDO\VHEOHHNGDWYHUVWRULQJYDQGH&;&/&;&5 HQ0,)&;&5
LQWHUDFWLHVHVVHQWLHHOLVYRRURPYRUPLQJYDQGHERUVWNDQNHUFHOOHQQDDUKXQQRUPDOH
IHQRW\SH
'H]H EHYLQGLQJHQ ODWHQ WRH GH HIIHFWHQ YDQ UDGLRWKHUDSLH RS PHWDVWDVHYRUPLQJ WH
RQGHU]RHNHQHQNXQQHQRQVKHOSHQLQGH]RHNWRFKWQDDUDQWLPHWDVWDWLVFKHVWUDWHJLH­Q. 


14
 
Figuur 1: Overzichtsfiguur. Schematische figuur die de verschillende processen weergeeft die plaatsvinden na 
bestraling van gezonde long cellen/weefsel. CXCL12 (chemokine C-X-C motief ligand 12), MIF (macrofaag 
migratie inhiberende factor) en CXCR4 (chemokine C-X-C motief receptor 4). 
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 Chapter 
 1 
Research Outline 
1 4.
 
 7KLV WKHVLV DLPV WR XQGHUVWDQG WKH LPSDFW RI UDGLRWKHUDS\ 57 RQ QRUPDO OXQJ
WLVVXH DQG LWV FROODWHUDO LPSDFW RQ PHWDVWDVLV RI WULSOHQHJDWLYH EUHDVW FDQFHU
71%& 7KH WKHVLV LV VXEGLYLGHG LQ  SDUWV 7KH ILUVW SDUW PART I SURYLGHV
JHQHUDO EDFNJURXQG LQIRUPDWLRQ DERXW71%&DQG UDGLDWLRQ RXWOLQLQJ RXU UHVHDUFK
SUREOHP LQ LWV ELJJHU FRQWH[WPART II IRFXVVHV RQ WKH GHVLJQ RI DQ LGHDO LQ YLYR
PRGHO DQG WKH XVH RI WKLV PRGHO LQ 71%& UDGLDWLRQ UHVHDUFK DQG LQ PART III
UHVHDUFKUHVXOWVDQGWKHLUXVHIXOQHVVLQSUDFWLFHDUHFULWLFDOO\GLVFXVVHG

PART I: Introduction 
,QChapter 2DQRYHUYLHZRIOLWHUDWXUHIRFXVVLQJRQWKHHSLGHPLRORJ\GLDJQRVLVDQG
GLIIHUHQW WUHDWPHQW SRVVLELOLWLHV RI 71%& LV JLYHQ 6LQFH VHYHUDO FOLQLFDO VWXGLHV
GHVFULEHFRQIOLFWLQJUHVXOWVDERXW57DQG71%&WKLVFKDSWHUDOVRGHVFULEHVWKHSUR
DQGFRQVRI57IRXQGLQOLWHUDWXUHChapter 3LVDOLWHUDWXUHVWXG\DERXWWKHHIIHFWV
RI LUUDGLDWLRQRQHLWKHUFDQFHUFHOOVRQFHOOVRI WKHPLFURHQYLURQPHQWRURQFHOOV LQ
GLVWDQW WLVVXHV%RWK WXPRUSURPRWLQJDQG WXPRU VXSSUHVVLQJHIIHFWVDUHGHVFULEHG
6SHFLDOHPSKDVLVLVJLYHQWRWKHWXPRUSURPRWLQJHIIHFWVRI577KHILUVWSDUWHQGV
ZLWKDSUHVHQWDWLRQRIWKHUHVHDUFKREMHFWLYHVChapter 4

PART II: Original research 
7KLVSDUWFRQWDLQVWKHRULJLQDOUHVHDUFKSUHVHQWHGLQWZRUHVHDUFKDUWLFOHVZKLFKDUH
DFFHSWHGLQLQWHUQDWLRQDOSHHUUHYLHZHGMRXUQDOVChapter 5 VKRZVWKHUHVXOWVRIWKH
ILUVWSDSHU,QWKLVSDSHUZHGHVFULEHGDVHULHVRITXDQWLILFDWLRQWHFKQLTXHVWRDVVHVV
OXF H[SUHVVLRQ 5HVXOWV VKRZHG WKDW IRU LQ YLWUR DQG LQ YLYR XVH WKHUH LV QR
VLJQLILFDQW GLIIHUHQFH DV ORQJ DV FRS\ QXPEHUV DUH QRW VLJQLILFDQWO\ GLIIHUHQW 7KH
UHVXOWV GHPRQVWUDWHG WKDW OXF WUDQVIHFWLRQ KDG QR HIIHFW RQ WKH ّFDQFHUْ
FKDUDFWHULVWLFVRIWKHFHOOV7KHVHFRQGSDSHUSUHVHQWHGLQChapter 6VKRZVWKDWWKH
LQ YLWUR DQG LQ YLYR ELROXPLQHVFHQW PRGHOV FDQ EH XVHG WR LQYHVWLJDWH WKH SUR
PHWDVWDWLF HIIHFWRI UDGLRWKHUDS\6LQFH WKH OXQJ LVDQ LPSRUWDQWRUJDQWKDW VXIIHUV
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IURP FROODWHUDO UDGLDWLRQ GDPDJHZH LUUDGLDWHG QRUPDO OXQJ HSLWKHOLDO FHOOV'LUHFW
DQG LQGLUHFWHIIHFWVRI LUUDGLDWHGQRUPDO OXQJHSLWKHOLDOFHOOVZHUHVWXGLHGRQWULSOH
QHJDWLYH EUHDVW FDQFHU FHOOV 7KH UHVXOWV UHYHDOHG VWLPXODWLRQ RI WKH SURPHWDVWDWLF
FKDUDFWHULVWLFVRIEUHDVWFDQFHUFHOOVXSRQFRQWDFWZLWKLUUDGLDWHGHSLWKHOLDOFHOOV7KLV
ZDVFRQILUPHGE\LQYLYRPRGHOH[SHULPHQWV7DUJHWHGLPDJHJXLGHGUDGLDWLRQRIWKH
PRXVHOXQJZDVSRVVLEOHRQWKH6$553VPDOODQLPDOUDGLDWLRQUHVHDUFKSODWIRUP
7KLVLQYLYRPRGHOUHYHDOHGDKLJKHUELROXPLQHVFHQWVLJQDORIPHWDVWDWLFFDQFHUFHOOV
LQ WKH OXQJV RI SDUWLDO OXQJ LUUDGLDWHGPLFH ,Q YLWUR UHVXOWV VKRZHG DQ LPSRUWDQW
FRQWULEXWLRQ RI WKH &;&5 SDWKZD\ WR WKH SURPHWDVWDWLF HIIHFWV ,QWHUHVWLQJO\
VHOHFWLYHLQKLELWLRQRI&;&5RQWKHFDQFHUFHOOVPDNHVWKHPLQVHQVLWLYHIRUWKHSUR
PHWDVWDWLF VLJQDOV VHFUHWHG E\ LUUDGLDWHG HSLWKHOLDO FHOOV 7RJHWKHUZLWK WKH LQ YLYR
UHVXOWV WKLV UHVHDUFK VXJJHVWV WKDW UDGLRWKHUDS\ KDV WKH SRWHQWLDO WR VWLPXODWH
PHWDVWDVLVLQEUHDVWFDQFHUSDWLHQWV

PART III: Discussion 
7KLVSDUWUHSUHVHQWVDJHQHUDOGLVFXVVLRQRIWKHUHVHDUFKUHVXOWVChapter 7DGGUHVVHV
WKHIHDVLELOLW\RIWKH LQYLYRPRGHOLQWKHFOLQLF'LIIHUHQFHVEHWZHHQRXUPRGHODQG
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WKH FDQFHU FHOOV FRXQWHUDFWV WKH QHJDWLYH HIIHFWV RI UDGLRWKHUDS\ LQChapter 9 WKH
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ELRPDUNHUV LQ71%& SDWLHQWV 7KH HYHQWXDO SURJQRVWLF DQG GLDJQRVWLF XVDELOLW\ RI
&;&5LVEULHIO\GLVFXVVHG)XWXUHUHVHDUFKLVQHHGHG,RQWKHFOLQLFDOIHDWXUHVRI
&;&/&;&5SDWKZD\DQGUDGLRWKHUDS\DQG,,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PRGHOPDNLQJLWPRUHSDWLHQWUHODWHG7KLVLVH[WHQVLYHO\GLVFXVVHGLQChapter 10. 
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Epidemiology, diagnosis and    
treatment of TNBC 
2 dfgd

 2.1 Definition and epidemiology of TNBC 
2.1.1 Definition 
%UHDVWFDQFHULVWKHPRVWIUHTXHQWO\GLDJQRVHGFDQFHUDQGWKHOHDGLQJFDXVHRIFDQFHU
GHDWK DPRQJ IHPDOHV ZRUOGZLGH ZLWK DQ HVWLPDWHG  PLOOLRQ FDVHV DQG 
GHDWKVLQZRUOGZLGH
%UHDVW WXPRU JHQH H[SUHVVLRQ SURILOLQJ DFFRUGLQJ WR WKH 3$0 FODVVLILFDWLRQ
UHYHDOHGILYHLQWULQVLFEUHDVWFDQFHUVXEW\SHV OXPLQDO$OXPLQDO%+(5HQULFKHG
+(5(EDVDOOLNH %/%&DQGQRUPDOEUHDVWOLNHEUHDVW FDQFHU 1%/& 
RI FOLQLFDO WULSOHQHJDWLYH EUHDVW FDQFHUV 71%& DUH EDVDOOLNH WXPRUV EDVHG RQ
3$0 LQWULQVLF VXEW\SH FODVVLILFDWLRQ 7KHVH WXPRUV DUH FKDUDFWHUL]HG E\ WKH
H[SUHVVLRQRIJHQHVIRXQGLQQRUPDOEDVDOP\RHSLWKHOLDOEUHDVWFHOOVLQFOXGLQJEDVDO
F\WRNHUDWLQ &.&.DQG&. VPRRWKPXVFOHDFWLQYLPHQWLQH(*)53
FDGKHULQDQGFDYHROLQDQG7KH\ODFNWKHH[SUHVVLRQRI(535DQG+(5
7XPRU SURWHLQ  73 JHQH DQG UHWLQREODVWRPD  5EPXWDWLRQV RU GHOHWLRQV
DUHFRPPRQO\VHHQLQWKLVWXPRUVXEW\SH   71%&FRPSULVHVDKHWHURJHQHRXV
FROOHFWLRQ RI EUHDVW FDQFHU W\SHV UHSUHVHQWLQJ DSSUR[LPDWHO\  RI DOO EUHDVW
FDQFHUV%DVHGRQLPPXQRKLVWRFKHPLFDOVWDLQLQJ71%&LVODFNLQJWKHH[SUHVVLRQ
RI KRUPRQDO UHFHSWRUV IRU SURJHVWHURQH DQG HVWURJHQ DQG ODFNLQJ +(5
DPSOLILFDWLRQ 7KH $PHULFDQ 6RFLHW\ RI &OLQLFDO 2QFRORJ\&ROOHJH RI $PHULFDQ
3DWKRORJLVWV GHVFULEHG LW DV  (5  35 VWDLQLQJ EDVHG RQ
LPPXQRKLVWRFKHPLVWU\VWDLQLQJ,+&DQG+(5QHJDWLYHE\,+&RUIOXRUHVFHQWLQ
VLWXK\EULGL]DWLRQ),6+
%DVHGRQJHQHH[SUHVVLRQSURILOHDQDO\VLV IURPRYHU SXEOLFDOO\DYDLODEOH71%&
VDPSOHVDOVRFDOOHG/HKPDQQَVFODVVLILFDWLRQVXEW\SHVZHUHLGHQWLILHGDQGODEHOOHG
DVEDVDOOLNH%/EDVDOOLNH%/LPPXQRPRGXODWRU\,0PHVHQFK\PDOOLNH
0/ PHVHQFK\PDO VWHPOLNH 06/ DQG OXPLQDO DQGURJHQ UHFHSWRU /$5 )LJ
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  (DFK GLVSOD\V D XQLTXH SDWKRORJLFDO DQG PROHFXODU VLJQDWXUH 7KH %/
VXEW\SH LVFKDUDFWHUL]HGE\HOHYDWHGFHOOF\FOH 0<&15$6DQG3/.DQG'1$
GDPDJH UHVSRQVH JHQH H[SUHVVLRQ $75%5&$ SDWKZD\ +LJK .L H[SUHVVLRQ
VXSSRUWVWKHKLJKO\SUROLIHUDWLYHQDWXUHRIWKLVVXEW\SH%/VXEW\SHLVDVVRFLDWHG
ZLWK JHQH H[SUHVVLRQSDWWHUQV HQULFKHG IRU JHQHV UHODWHG WR JURZWK IDFWRU VLJQDOLQJ
(*)1*)0(7:QW̞FDWHQLQDQG,*)5SDWKZD\DVZHOOIRUJO\FRO\VLVDQG
JOXFRJHQHVLV ,W KDV KLJK OHYHOV RI P\RHSLWKHOLDOPDUNHUV 73 DQG&' DQG LV
FKDUDFWHUL]HG E\ 37(1 PXWDWLRQV )LJ  ,0 VXEW\SH LV GRPLQDWHG E\ WKH
H[SUHVVLRQ RI JHQHV LQYROYHG LQ F\WRNLQH SDWKZD\V ,/ DQG ,/ LPPXQH FHOO
VLJQDOLQJ SDWKZD\V 7+7+ SDWKZD\ 1. FHOO SDWKZD\ % DQG 7 FHOO UHFHSWRU
SDWKZD\DQG'&SDWKZD\FRUHLPPXQHVLJQDOWUDQVGXFWLRQSDWKZD\V1)̦%71)
DQG -$.67$7 SDWKZD\ DQG DQWLJHQ SURFHVVLQJ DQG SUHVHQWDWLRQ )LJ  
%RWK0/DQG06/VXEW\SH VKDUHHOHYDWHGH[SUHVVLRQRIJHQHV LQYROYHG LQPRWLOLW\
5KRSDWKZD\ HSLWKHOLDOWRPHVHQFK\PDO WUDQVLWLRQ (07DQG FHOO GLIIHUHQWLDWLRQ
SDWKZD\V :QW̞FDWHQLQ $/. DQG 7*)̞ SDWKZD\  +RZHYHU WKH 06/
VXEW\SHH[SUHVVHV ORZ OHYHOVRISUROLIHUDWLRQJHQHVDQGKDVKLJKH[SUHVVLRQRIJHQHV
LPSRUWDQW IRUWKHJURZWKIDFWRUVLJQDOLQJSDWKZD\VLQRVLWROSKRVSKDWHPHWDEROLVP
FDOFLXP VLJQDOLQJ*SURWHLQ FRXSOHG UHFHSWRU DQG(5. VLJQDOLQJ DGLSRF\WRNLQH
VLJQDOLQJ (*)5 )*) DQG 3'*) DQJLRJHQHVLV SDWKZD\ 9(*)5 DQG JHQHV
DVVRFLDWHGZLWKVWHPDQGPHVHQFK\PDOFHOOVSHFLILFPDUNHUV7KH06/VXEW\SHLV
DOVRNQRZQDV WKHFODXGLQORZFDQFHU W\SH)LJ&ODXGLQORZFDQFHUFHOOVKDYH
ORZHUSUROLIHUDWLRQUDWHDQGHQULFKHGH[SUHVVLRQLQJHQHVLQYROYHGLQFDQFHUVWHPFHOO
OLNH SKHQRW\SH GLVSOD\LQJ ORZ H[SUHVVLRQ RI FODXGLQ   DQG  FRPSDUHG WR RWKHU
71%& VXEW\SHV  /$5 VXEW\SH 71%& VKRZV HQULFKHG JHQH H[SUHVVLRQ LQ
KRUPRQDOSDWKZD\VVWHURLGV\QWKHVLVSRUSK\ULQPHWDEROLVPDQGDQGURJHQHVWURJHQ
PHWDEROLVP,WLVFKDUDFWHUL]HGE\OXPLQDOJHQHH[SUHVVLRQDQGGULYHQE\DQGURJHQ
UHFHSWRUVLJQDOLQJ)LJ$ّVHYHQWKْVXEW\SH LVGHVFULEHGDVXQFODVVLILHG816
DQGFRYHUVWKH71%&VWKDWGRQRWILWLQWKHRWKHUVXEW\SHV
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Figure 1: Scheme of different TNBC subtypes. The different gene expression subtypes are associated 
with distinct molecular features. BL1 (basal-like 1), BL2 (basal-like 2), IM (immunomodulatory, ML 
(mesenchymal-like), MSL (mesenchymal stem-like) and LAR (luminal androgen receptor). Adapted 
from Turner NC et al. 2013.17 
 
:KHQ ZH FRUUHODWH WKH WULSOHQHJDWLYH VXEW\SHV GHILQHG E\ /HKPDQQ WR 3$0
ّLQWULQVLFْ EUHDVW FDQFHU VXEW\SH FODVVLILFDWLRQ WKH 816 DQG %/ 71%& VXEW\SHV
FRUUHODWHG VWURQJO\ WR WKH EDVDOOLNH LQWULQVLF VXEW\SH %/ UHVSHFWLYHO\  DQG
0RGHUDWHFRUUHODWLRQEHWZHHQ%/,0DQG071%&VXEW\SHVDQG%/LQWULQVLF
VXEW\SHZDV VHHQ1R FRUUHODWLRQZDV VHHQ EHWZHHQ/$5 VXEW\SHDQG%/ LQWULQVLF
VXEW\SH+RZHYHU D VWURQJ FRUUHODWLRQZDV VHHQ EHWZHHQ/$5 VXEW\SHZLWK HLWKHU
OXPLQDO$DQGOXPLQDO%VXEW\SHDQG+(5HQULFKHGLQWULQVLFVXEW\SHV
71%&DOVRVKDUHIHDWXUHVZLWK%5&$PXWDWHGEUHDVWFDQFHUV$SSUR[LPDWHO\
RIWKHEUHDVWFDQFHUSDWLHQWVZLWKDKHUHGLWDU\%5&$PXWDWLRQDUHGLDJQRVHGZLWK
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 71%& 6SRUDGLF 71%& DUH DOVR NQRZQ IRU WKHLU %5&$QHVV LH WKH\ VKRZ WKH
VDPHKLVWRORJLFDOFKDUDFWHULVWLFVDQGFOLQLFDORXWFRPHDV%5&$PXWDWLRQFDUULHUV


2.1.2 Clinical features & risk factors 
71%&LVDVVRFLDWHGZLWKDJJUHVVLYHFOLQLFRSDWKRORJLFIHDWXUHVLQFOXGLQJ\RXQJDJHDW
GLDJQRVLV PHDQDJH\HDUV KLJKHUPHDQ WXPRU VL]HSRRURUXQGLIIHUHQWLDWHG
DQG W\SLFDOO\ KLJKJUDGH WXPRUV HOHYDWHG PLWRWLF FRXQW FHQWUDO ]RQH RI ILEURVLV
DQGRUQHFURVLVSXVKLQJPDUJLQRILQYDVLRQSRRURUODFNLQJWXEXOHIRUPDWLRQEULVN
O\PSKRF\WLFLQILOWUDWLRQDQGKLJKQXFOHDUF\WRSODVPLFUDWLR7KH\DUHNQRZQDV
LQWHUYDOFDQFHUVFDQFHUWKDWDSSHDUEHWZHHQWZRRUJDQL]HGPDPPRJUDSK\GHWHFWLRQ
URXQGV EHFDXVH RI WKH KLJK EUHDVW GHQVLW\ LQ \RXQJHU SHRSOH DQG WKH KLJK
SUROLIHUDWLRQUDWHRI71%&LQUHODWLRQZLWKWKHGHWHFWLRQLQWHUYDOWKLVFDQFHUFDQVWD\
XQGHWHFWHGDWILUVWVFUHHQLQJ5DGLRORJLFDOIHDWXUHVRI71%&DUHYDULDEOHDOWKRXJK
VHYHUDO UHSRUWV GHVFULEH 71%& DV D ZHOOFLUFXPVFULEHG PDVV ZLWK DEVHQFH RI
VSLFXODWHGPDUJLQV DEVHQFH RIPLFURFDOFLILFDWLRQV DQG DEVHQFH RU GLVUXSWLRQ RI DQ
HFKRJHQLFKDOR
7KHPDMRULW\RI71%&VDUHUHSUHVHQWLQJWKHLQYDVLYHGXFWDOFDUFLQRPDRIQRVSHFLDO
W\SH ,'&126   0RUSKRORJLFDOO\ KRZHYHU 71%& PD\ UHSUHVHQW D KLJK
SUHYDOHQFHRI UDUHKLVWRORJLFDO FDQFHU VXEW\SH VXFKDVDW\SLFDORU W\SLFDOPHGXOODU\
FDUFLQRPDV DSRFULQH FDUFLQRPDV SOHRPRUSKLF OREXODU FDUFLQRPDV PHWDSODVWLF
FDUFLQRPDV DGHQRLG F\VWLF FDUFLQRPDV DQG VHFUHWRU\ FDUFLQRPDV   
0HGXOODU\ FDUFLQRPD DGHQRLG F\VWLF FDUFLQRPD DQG VHFUHWRU\ FDUFLQRPD KDYH D
EHWWHU SURJQRVLV WKDQ WKH RWKHU PRUSKRORJLF VXEW\SHV ZLWK D PLQLPDO UHJLRQDO
UHFXUUHQFHUDWH
71%& PRUH IUHTXHQWO\ DIIHFWV SUHPHQRSDXVDO ZRPHQ DQG LV PRUH SUHYDOHQW LQ
ZRPHQ RI $IULFDQ$PHULFDQ RU +LVSDQLF RULJLQ FRPSDUHG ZLWK RWKHU EUHDVW FDQFHU
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 W\SHV $FOLQLFDO VWXG\WKDWFRPSDUHGZRPHQZLWKEUHDVWFDQFHU LQWKH8QLWHG
6WDWHV DQG *KDQD VKRZHG WKH SURJUHVVLYHO\ LQFUHDVLQJ IUHTXHQF\ RI 71%& DPRQJ
ZKLWH $PHULFDQ $IULFDQ$PHULFDQ DQG *KDQDLDQ$IULFDQV 7KHVH GLVSDULWLHV LQ
LQFLGHQFHDPRQJGLIIHUHQWUDFLDOJURXSVVWURQJO\VXJJHVWWKDWWKHUHPXVWEHJHQHVRU
PXWDWLRQV WKDW SUHGLVSRVH ZRPHQ SDUWLFXODUO\ SUHPHQRSDXVDO $IULFDQ$PHULFDQ
ZRPHQDQG$IULFDQZRPHQWR71%&
)HZ VWXGLHV VKRZHG WKDW WKHUH LV DQ LQFUHDVHG ULVN RI 71%& LQZRPHQZLWK KLJK
SDULW\ DQG \RXQJ DJH DW ILUVW WHUP IXOO SUHJQDQF\ $ UHGXFHG ULVN LV VHHQ IRU
ZRPHQZLWKDORQJHUGXUDWLRQRIEUHDVWIHHGLQJDQGODWHUDJHDWILUVWELUWK7KH
UROHRIRUDOFRQWUDFHSWLYHLQ71%&LVFRQWURYHUVLDO'ROOHHWDOUHSRUWHGWKDWRUDO
FRQWUDFHSWLYHXVDJHIRUPRUHWKDQ\HDUZDVDVVRFLDWHGZLWKDIROGLQFUHDVHGULVN
RI71%&FRPSDUHGWRZRPHQZKRKDGXVHGRUDOFRQWUDFHSWLYHVIRUOHVVWKDQ\HDU
RUQHYHU+RZHYHU3KLSSVHWDO IRXQGWKDW WKHUHZDVQRDVVRFLDWLRQZLWK71%&
ULVNDQGRUDOFRQWUDFHSWLYHXVH
2EHVLW\ LV VWURQJO\ DVVRFLDWHG ZLWK SRRU SURJQRVLV LQ SDWLHQWV ZLWK 71%&
3UHPHQRSDXVDOZRPHQZLWK71%&DUHPRUHOLNHO\WREHRYHUZHLJKWRUREHVH1RW
RQO\ REHVLW\ DOVR LQVXOLQ UHVLVWDQFH LPSDLUHG JOXFRVH WROHUDQFH G\VOLSLGDHPLD DQG
K\SHUWHQVLRQDUHOLQNHGZLWKLQFUHDVHGULVNRI71%&
7KH UHODWLYH VXUYLYDO IRUZRPHQZLWK71%& LV SRRUHU WKDQ IRUZRPHQZLWK RWKHU
W\SHV RI EUHDVW FDQFHU ZLWK DQ LQFUHDVHG PRUWDOLW\ LQ WKH ILUVW  \HDUV DIWHU
WUHDWPHQW  71%& SDWLHQWV DUHPRUH OLNHO\ WR GHYHORS D UHFXUUHQFH GXULQJ WKH
ILUVW  \HDUV DIWHU WKHUDS\ IROORZHG E\ D GHFUHDVH LQ UHODSVH  WR  \HDUV DIWHU
WUHDWPHQW0HWDVWDVHVDUHUDUHO\SUHFHGHGE\ ORFDOUHFXUUHQFHDQGYLFHYHUVD ORFDO
UHFXUUHQFHLVQRWDSUHGLFWLYHPDUNHUIRUPHWDVWDWLFGLVHDVH71%&LVDQDJJUHVVLYH
GLVHDVHDVVRFLDWHGZLWKPRUHYLVFHUDODQGVRIWWLVVXHUHODSVHOLNHWKHVSLQDOFRUGDQG
PHQLQJHV EUDLQ OLYHU DQG OXQJPHWDVWDVLV ZKHUH ERQH UHFXUUHQFH LV OHVV FRPPRQ
FRPSDUHG WR RWKHU EUHDVW FDQFHU VXEW\SHV :KHQ GLVWDQW PHWDVWDVHV RFFXU LQ
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71%&WKHSURJUHVVLRQWRGHDWKLVPRUHUDSLGWKDQ LQRWKHUEUHDVWFDQFHUVXEW\SHV
PHGLDQVXUYLYDOWLPH71%&PRQWKVYHUVXVRWKHU%&W\SHVPRQWKV

2.2     Treatment possibilities 
7UHDWPHQW RSWLRQV DUH OLPLWHG DV WKHVH WXPRUV DUH QDWXUDOO\ UHVLVWDQW WR H[LVWLQJ
WDUJHWHG KRUPRQDO WKHUDSLHV E\ DEVHQFH RI (5 35 DQG ODFN RI RYHUH[SUHVVLRQ RI
+(5 ZKLFK ORJLFDOO\ OHDGV WR WKH XVH RI ORFRUHJLRQDO WUHDWPHQWV /RFRUHJLRQDO
PDQDJHPHQW RI EUHDVW FDQFHU FDQ EH GRQH LQ  ZD\V EUHDVWFRQVHUYLQJ WKHUDS\
%&7 LQYROYLQJ D OXPSHFWRP\ DQG DGMXYDQW UDGLDWLRQ WKHUDS\ 57 RU VLPSOH RU
UDGLFDO PDVWHFWRP\ 07 ZLWK RU ZLWKRXW 57 0LQDPL HW DO FRQVLGHUHG WKDW
ZKHQ71%&LVGLDJQRVHGLQZRPHQZLWK\RXQJDJH$IULFDQ$PHULFDQURRWV-HZLVK
GHVFHQW RU ZRPHQ ZLWK D KLJKULVN IDPLO\ KLVWRU\ RI EUHDVW DQG RYDULDQ FDQFHU
%5&$WHVWLQJ VKRXOG EH LQFOXGHG DV D SDUW RI SUHWUHDWPHQW DVVHVVPHQW ,Q WKRVH
FDVHVLWLVDGYLVHGWRXQGHUJRELODWHUDOPDVWHFWRP\
6WDQGDUG WUHDWPHQW SRVVLELOLWLHV IRU SDWLHQWV ZLWK 71%& DUH VXUJHU\ IROORZHG E\
FKHPRWKHUDS\ RU QHRDGMXYDQW FKHPRWKHUDS\ IROORZHG E\ VXUJHU\ ZKHWKHU RU QRW
IROORZHG E\ UDGLRWKHUDS\ 0RVW VWXGLHV KDYH LQGHHG DGPLQLVWHUHG FKHPRWKHUDS\
IROORZHG E\ UDGLRWKHUDS\ LQ SRVWPDVWHFWRP\ DQG SRVW%&7 WUHDWHG SDWLHQWV 7KLV
FRQYHQWLRQDOVHTXHQFHLVEDVHGRQWKHDELOLW\RIFKHPRWKHUDS\WRUHGXFHPHWDVWDWLF
VSUHDG LQZRPHQE\ LQKLELWLQJFDQFHUFHOOSUROLIHUDWLRQDQGVSUHDGLQJ UDGLRWKHUDS\
SUHVHQWVDQHIIHFWRIORFDOيUHJLRQDOFRQWUROE\NLOOLQJDQ\FDQFHUFHOOVUHPDLQLQJDIWHU
VXUJHU\ ,QWHUHVWLQJO\ 71%& GRHV DSSHDU WR EH PRUH UHVSRQVLYH WR FKHPRWKHUDS\
WKDQ RWKHU EUHDVW FDQFHU W\SHV DQG LPSURYHPHQWV LQ FKHPRWKHUDS\ DUH OLNHO\ WR
EHQHILW SDWLHQWV ZLWK WKLV VXEW\SH RI EUHDVW FDQFHU EHFDXVH RI UDSLG SUROLIHUDWLRQ
UDWHVDQGGHIHFWVLQ'1$UHSDLU7KHODFNRIWDUJHWHGWKHUDSHXWLFRSWLRQVHPSKDVL]HV
WKH XUJHQW QHHG WR RSWLPL]H WKH FXUUHQW WUHDWPHQW PDQDJHPHQW RI SDWLHQWV ZLWK
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 71%&DQGUHGXFHWKHLUULVNRIORFRUHJLRQDOUHFXUUHQFH/55DQGGLVWDQWPHWDVWDVHV
'0

2.2.1 Surgery  
/RZHU\ HW DO SHUIRUPHG D FRPSUHKHQVLYH VHDUFK IRU VWXGLHV H[DPLQLQJ RXWFRPHV
DIWHU%&7DQGRUPDVWHFWRP\DFFRUGLQJWREUHDVWFDQFHUVXEW\SH2XWRIDWRWDORI
EUHDVWFDQFHUSDWLHQWVIURPGLIIHUHQWVWXGLHVWKH\FRQFOXGHGWKDWSDWLHQWV
ZLWK71%&KDYHDQ LQFUHDVHG ULVNRIGHYHORSLQJ ORFRUHJLRQDO UHODSVHV FRPSDUHG WR
QRQ71%& LUUHVSHFWLYH RI EUHDVW FRQVHUYDWLRQ WKHUDS\ RU PDVWHFWRP\  7KH
DJJUHVVLYH QDWXUH RI 71%& LVPRUH OLNHO\ WKH FDXVH RI WKH SRRU RXWFRPH LQ WKHVH
SDWLHQWV)LJ


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Figure 2: Forest plots showing locoregional outcomes with breast conserving treatment and 
mastectomy. For non-TNBC relative to TNBC. Adapted from Moran et al.50 Each study is shown by 
the point estimate of the relative risk (RR; square proportional to the weight of each study) and 95% 
CI for the RR (extending lines); the combined RR and 95% CI by random effects calculations are 
shown by red diamonds. A. non-TNBC patients were less likely to develop LRR than TNBC patients 
after either BCT (RR 0.49; 95% CI 0.33–0.73) B. or mastectomy (RR 0.66; CI 0.53–0.83). 

7KH DJJUHVVLYH QDWXUH RI 71%& OHDGV WR WKH ORJLFDO DVVXPSWLRQ RI VXSHULRULW\ RI
PDVWHFWRP\RYHU%&7+RZHYHU%D\RXPLHWDOVKRZHGWKDWWKHVXUJLFDOW\SHGLG
QRW DIIHFW WKH ORFDO UHFXUUHQFH RU RYHUDOO VXUYLYDO 26 VLJQLILFDQWO\ LQ 71%&
SDWLHQWV 7KLV ZDV FRQILUPHG E\ D ODUJH UHWURVSHFWLYH VWXG\ E\ =XPVWHJ HW DO
ZKRIRXQGQRGLIIHUHQFHLQORFRUHJLRQDOFRQWUROGLVWDQWUHODSVHRYHUDOOUHFXUUHQFHVRU
RYHUDOOVXUYLYDOEHWZHHQ%&7DQGPDVWHFWRP\WUHDWHG7171%&SDWLHQWV%KRR
HWDOIRXQGWKHVDPHUHVXOWVLQ71SDWLHQWVEXWIRU71WXPRUVWDJHG
SDWLHQWV %&7 KDG VLJQLILFDQWO\ LQFUHDVHG \UHODWLYH VXUYLYDO UDWH FRPSDUHG WR
PDVWHFWRP\ZLWKDGMXYDQWUDGLRWKHUDS\)LJ
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 Figure 3: Clinical TNM classification. Adapted from ACJJ Cancer staging manual 7th edition; Edge SB 
et al.54 * Clinically apparent is defined as detected by imaging studies (excluding lymphoscintigraphy) 
or by clinical examination. 

+RZHYHUFRQIOLFWLQJUHVXOWVDUHVHHQLQWKHUHWURVSHFWLYHVWXG\RI$EGXONDULPHWDO
7KH\ UHSRUWHG WKDW IRU DOO71%& FDVHV%&757 VLJQLILFDQWO\ LQFUHDVH \/55
DQG\26FRPSDUHGWR050PRGLILHGUDGLFDOPDVWHFWRP\57YV
DQGYV$OVR%&7OHDGWROHVV'0WKDQ05057YV7KH
UHVXOWV RI HDUO\ GLDJQRVHG 71%& FDVHV 7ي71 RQO\ LQFOXGHG PDVWHFWRP\
Classification  Definition  
Primary tumor 
(T)   
TX Primary tumor cannot be assessed 
T0 No evidence of primary tumor 
Tis Carcinoma in situ  
T1 Tumor ч 2 cm in greatest dimension 
T2 Tumor > 2 cm but ч 5 cm in greatest dimension 
T3 Tumor > 5 cm in greatest dimension 
T4 Tumor of any size with direct extension to the chest wall and/or to the skin 
Regional lymph 
nodes (N)   
NX Regional lymph nodes cannot be assessed 
N0 No regional lymph node metastasis 
N1 Metastasis in movable ipsilateral level I, II axillary lymph node(s) 
N2 Metastasis in ipsilateral level I, II axillary lymph nodes  fixed or matted, or in clinically 
detected* ipsilateral internal mammary nodes in the absence of clinically evident 
axillary lymph node metastasis 
N3 
Metastasis in ipsilateral infraclavicular lymph node(s) (level III axillary) with or 
without level I, II axillary lymph node involvement; or in clinically detected* 
ipsilateral internal mammary lymph node(s) with clinically evident level I, II axillary 
lymph node metastasis; or metastasis in ipsilateral supraclavicular lymph node(s) 
with or without axillary or internal mammary lymph node involvement 
Distant    
metastasis (M)   
MX Distant metastasis cannot be assessed 
M0 No distant metastasis 
M1 Distant metastasis 
 
  
35
 SDWLHQWVZLWKRXWSRVWRSHUDWLYHUDGLDWLRQWKHUDS\3257YHUVXV%&7ZLWK3257
7KH\QHYHUFRPSDUHGSDWLHQWVZKRXQGHUZHQWPDVWHFWRP\ZLWK3257YHUVXV%&7
ZLWK32577KLVPDNHV LWGLIILFXOW WRDVVHVV WKHWUXH LPSDFWRIVXUJLFDO WUHDWPHQW
W\SH LQ HDUO\GLDJQRVHG71%&7KH VWXG\RI3DUNHUHW DO VKRZHGD VLJQLILFDQW
GLIIHUHQFH LQ ORFDO UHFXUUHQFH UDWH  DQG  UHVSHFWLYHO\ IRU %&7 DQG050
S  7KH \ GLVHDVHIUHH VXUYLYDO UDWHV IRU WKH %&7 DQG PDVWHFWRP\ JURXSV
ZHUH  DQG  UHVSHFWLYHO\ S  DQG \26 ZDV LQFUHDVHG IRU WKH %&7
JURXSFRPSDUHGZLWKWKH050JURXSYVS 7KH\FRQFOXGHGWKDW
%&7LVQRWFRQWUDLQGLFDWHGLQ71%&KRZHYHULQWKLVVWXG\WKHPDVWHFWRP\JURXSV
KDGDODUJHUQHRSODVPVL]HDQGDGYDQFHGVWDJHRIGLVHDVH
6WXGLHV FRXOG EH ELDVHG E\ D KHWHURJHQHRXV SRSXODWLRQ LQFOXGLQJ DOO FOLQLFDO VWDJHV
DQGLPEDODQFHEHWZHHQ%&7DQGPDVWHFWRP\JURXSVLQWHUPVRIWXPRUVWDJHQRGDO
VWDJH DQG O\PSKRYDVFXODU LQYDVLRQ 1RW DOO 71 SDWLHQWV UHFHLYHG DGMXYDQW
FKHPRWKHUDS\ HJ LQ =XPVWHJ HW DO  YHUVXV $EGXOKDULP HW DO 
6WDWLVWLFDODQDO\VLVGLIIHUVEHWZHHQGLIIHUHQWVWXGLHVZKLFKFDQDOVROHDGWRFRQIOLFWLQJ
UHVXOWVDV=XPVWHJHWDOSURSRVHG
$OWKRXJK71%&LVDVVRFLDWHGZLWKZRUVHORFRUHJLRQDOUHODSVHRXWFRPHVFRPSDUHGWR
RWKHU EUHDVW FDQFHU VXEW\SHV WKHUH LV QR QHHG IRU PRUH UDGLFDO VXUJHU\ 5HVHDUFK
LQGLFDWHV WKDW 71%& UDWKHU GHYHORSV DQ H[SDQGLQJ JURZWK SDWWHUQ LQVWHDG RI DQ
H[WHQVLYHLQWUDGXFWDOVSUHDGVRPDVWHFWRP\KDVQRDGYDQWDJHLQWKLVW\SHRIEUHDVW
FDQFHU
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 2.2.2 Chemotherapy 
7KHNLQGRIFKHPRWKHUDS\WUHDWPHQWXVHGLQSDWLHQWVQRWRQO\UHOLHVRQDJHD[LOODU\
O\PSKQRGHVWDWXVDQGWXPRUJUDGHDQGVL]HEXWDOVRRQVSHFLILFWR[LFLWLHVSDWLHQW
SUHIHUHQFHVDQGFRVWHIIHFWLYHQHVV
71%& HVSHFLDOO\ %/ VXEW\SH DUH NQRZQ IRU WKHLU VXSHULRU VHQVLWLYLW\ DQG
UHVSRQVLYHQHVVWRDJHQWVRIFKHPRWKHUDS\FRPSDUHGWRRWKHUEUHDVWFDQFHUVXEW\SHV
GXHWRWKHLUKLJKO\SUROLIHUDWLYHFKDUDFWHU6KRUWHU26DQGGLVHDVHIUHHLQWHUYDOV
KDYHEHHQVHHQLQ71%&SDWLHQWVZKRGLGQRWUHFHLYHDGMXYDQWFKHPRWKHUDS\,Q
WKH SDVW ILUVW JHQHUDWLRQ DON\ODWLQJEDVHG FKHPRWKHUDS\ ZDV XVHG
F\FORSKRVSKDPLGH PHWKRWUH[DWH DQG IOXRURXUDFLO &0) WR WUHDW VWDJH , DQG ,,
EUHDVWFDQFHU)LJ7KLVZDVUDSLGO\UHSODFHGE\DQDQWKUDF\FOLQHEDVHGWKHUDS\
IOXRURXUDFLO DQWKUDF\FOLQH DQG F\FORSKRVSKDPLGH )$&  5HFHQWO\ D WKLUG
JHQHUDWLRQ WD[DQHEDVHG FKHPRWKHUDS\ D FODVVLF FRPELQDWLRQ RI DQWKUDF\FOLQHV DQG
WD[DQHV LV HQFRXUDJHG DV EUHDVW FDQFHU WUHDWPHQW  8QIRUWXQDWHO\ D SHUIHFW
FRPELQDWLRQIRU71%&LVVWLOOQRWIRXQG
1HRDGMXYDQWFKHPRWKHUDS\LVSURYHQWREHEHQHILFLDOLQ71%&SDWLHQWVLWLQFUHDVHV
71%&SDWKRORJLFFRPSOHWHUHVSRQVHUDWHS&5FRPSDUHGWRQRQ71%&SDWLHQWV
3DWLHQWZLWKS&5KDGDEHWWHURYHUDOOVXUYLYDO+RZHYHUVRPHWULDOVFODLP
WKDWWKHUHLVQRVLJQLILFDQWGLIIHUHQFHLQORFDOUHFXUUHQFHIUHHVXUYLYDO/5)6DQG26
EHWZHHQQHRDGMXYDQWDQGDGMXYDQWFKHPRWKHUDS\





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Stage grouping 
Stage 0 Tis N0 M0 
Stage IA T1 N0 M0 
Stage IB T0 N1mic* M0 
T1 N1mic* M0 
Stage IIA T0 N1 M0 
T1 N1 M0 
T2 N0 M0 
Stage IIIA T0 N2 M0 
T1 N2 M0 
T2 N2 M0 
T3 N1 M0 
T3 N2 M0 
Stage IIIB T4 N0 M0 
T4 N1 M0 
T4 N2 M0 
Stage IIIC Any T N3 M0 
Stage V Any T Any N M1 
Figure 4: Anatomical staging breast cancer.  
Adapted from ACJJ Cancer staging manual 7th edition; Edge SB et al.54 
* N1mic = micrometastases greater dan 0.2 mm and/or
more than 200 cells, but none greater than 2.0 mm. 

$ VXEJURXS RI 71%& SDWLHQWV PDQLIHVWV %5&$ PXWDWLRQV FKDUDFWHUL]HG E\
SUREOHPDWLFKRPRORJXHUHFRPELQDQW'1$UHSDLU6XUSULVLQJO\VLPLODUUHDUUDQJHPHQWV
DUHVHHQLQVSRUDGLF71%&SDWLHQWV3UHFOLQLFDOVWXGLHVVKRZWKDW%5&$PXWDWLRQV
LQFUHDVHG WKH VHQVLWLYLW\ RI FDQFHU FHOOV WR SODWLQXP VDOWV FLVSODWLQ DQG RWKHU
DON\ODWLQJ DJHQWV F\FORSKRVSKDPLGH   3ODWLQXP VDOWV DUH '1$ GDPDJLQJ
DJHQWVZKLFKE\FURVVOLQNLQJWKHFDQFHU'1$FDXVHV LUUHYHUVLEOHFROODSVHRI'1$
UHSDLU OHDGLQJ WR FDQFHU FHOO GHDWK 3HWUHOOL HW DO VKRZHG WKDW QHRDGMXYDQW
SODWLQXPEDVHG WKHUDS\ VLJQLILFDQWO\ LQFUHDVHG S&5 RI 71%& FRPSDUHG WR QRQ
71%&SDWLHQWV6HQVLWLYLW\RIWKHSDWLHQWWRWKLVWKHUDS\LVFRUUHODWHGZLWKSS
SURWHLQFRH[SUHVVLRQLQEUHDVWFDQFHUFHOOV
38
 1RWRQO\WKHW\SHRIFKHPRWKHUDSHXWLFDODJHQWDOVRWLPHRIDGPLQLVWUDWLRQDQGGRVH
UHJLPHV DUH LPSRUWDQW 'RVHGHQVH VFKHGXOHV VDPH DJHQWV DQG WRWDO GRVH RI
FRQYHQWLRQDO FKHPRWKHUDS\ EXW ZLWK VKRUWHU LQWHUYDOV VKRXOG EH FRQVLGHUHG LQ
WXPRUV ZLWK KLJK SUROLIHUDWLRQ UDWH  ,Q 71%& SDWLHQWV GRVHGHQVH WKHUDS\
VKRZHGDQLPSURYHGRXWFRPHFRPSDUHGWRWKHQRUPDOGRVHUHJLPH
7R FRQFOXGH LQ VWDJH , DQG ,, 71%& WKLUG JHQHUDWLRQ FKHPRWKHUDS\ UHJLPHQV
XWLOL]LQJSRO\FKHPRWKHUDS\DGPLQLVWHUHGLQDGRVHGHQVHIDVKLRQVHHPWREHWKHPRVW
HIIHFWLYHWRROVDYDLODEOHIRUWUHDWPHQWRI71%&SDWLHQWV
7KHSUREOHPZLWK71%&LVWKHKHWHURJHQHRXVFKDUDFWHUZKHUHE\GLIIHUHQWVXEW\SHV
KDYHGLIIHUHQWVSHFLILFPXWDWLRQVWKDWOHDGWRYDULDEOHVHQVLWLYLW\WRFKHPRWKHUDS\
7KHUHIRUH LGHQWLILFDWLRQ RI VSHFLILF VXEW\SH ELRPDUNHUV LV QHFHVVDU\ WR SUHGLFW WKH
UHVSRQVH WR WKH JLYHQ FKHPRWKHUDS\ UHJLPH DQG WR ILQG DSSURSULDWH WDUJHWHG
WKHUDSLHV0DVXGDHWDOLQYHVWLJDWHGWKHFOLQLFDOUHOHYDQFHDQGS&5RIWKHGLIIHUHQW
71%& VXEW\SHV 7KHUH UHVXOWV VKRZHG WKDW 71%& VXEW\SH DQG S&5 VWDWXV ZHUH
VLJQLILFDQWO\DVVRFLDWHGSZLWKWKHKLJKHVWS&5UDWHIRU%/VXEW\SH

2.2.3 Radiotherapy 
&RQIRUP UHFHQW (62(602 FRQVHQVXV JXLGHOLQHV UDGLRWKHUDS\ LV LQGLFDWHG IRU DOO
SDWLHQWV ZLWK LQYDVLYH FDUFLQRPD RI WKH EUHDVW XQGHU WKH IROORZLQJ FRQGLWLRQV ,
UHFHLYHG%&7,,XQGHUZHQWPDVWHFWRP\ZLWKWXPRUVRIFPRUODUJHURUZLWKVLJQV
RI SHUVLVWHQW LQYROYHG PDUJLQV RU ,,, XQGHUZHQW PDVWHFWRP\ ZLWK PRUH WKDQ 
D[LOODU\ QRGDOPHWDVWDVHV  RU ,9 LQZRPHQZLWK  SRVLWLYH D[LOODU\ QRGHVZLWK
DGGLWLRQDO ULVN IDFWRUV OLNH\RXQJDJHYHVVHO LQYDVLRQDQG ORZQXPEHURI H[DPLQHG
D[LOODU\O\PSKQRGHV
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7KHUH KDV EHHQ PXFK GHEDWH DERXW ZKHWKHU 71%& FRXOG EHQHILW IURP 3257
UHJDUGOHVV RI VXUJLFDO LQWHUYHQWLRQ 7KHUHIRUH VHYHUDO UHWURVSHFWLYH VWXGLHV KDYH
DQDO\]HGWKHUROHRIUDGLDWLRQWKHUDS\LQ71%&EXWWKHLUILQGLQJVDUHFRQIOLFWLQJ
%D\RXPLHWDOFRXOGLGHQWLI\WKDWWKH3257WUHDWHGSDWLHQWVKDGZRUVHSURJQRVWLF
IDFWRUV DV IRURI3257WUHDWHGSDWLHQWVKDG VWDJH ,,,GLVHDVH FRPSDUHGZLWK
QRQ3257WUHDWHGSDWLHQWV'HVSLWHWKLVWKHSDWLHQWVLQWKHQRQ3257JURXS
H[SHULHQFHGPRUH ORFDO UHFXUUHQFHV  FRPSDUHGZLWK WKH3257 JURXS 
7KUHH\HDU/5)6IRU3257SDWLHQWVZDVKLJKHUWKDQIRUQRQ3257SDWLHQWV
YVUHVSHFWLYHO\S DQG\/5)6IRU3257ZDVDOVRVLJQLILFDQWO\KLJKHU
YV S LQGHSHQGHQW RQ W\SH RI VXUJHU\7KLVZDV FRQILUPHGE\
6WHZDUGHWDOZHUHD VLJQLILFDQW LQFUHDVH LQ\26ZDVREVHUYHG LQSDWLHQWVZKR
UHFHLYHG3257YVS
)RU SRVWPDVWHFWRP\ UDGLRWKHUDS\ 3057 %KRR HW DO IRXQG WKDW UDGLRWKHUDS\
DIWHU PDVWHFWRP\ LQ 71 WXPRUV VLJQLILFDQWO\ GHFUHDVHG WKH \ UHODWLYH
VXUYLYDO LQ 3057  YV  ZKLOH QR GLIIHUHQFHV ZHUH VHHQ LQ 71
SDWLHQWV 7KH DEVHQFH RI EHQHILFLDO HIIHFW RI 3057 REVHUYHG E\%KRR HW DO ZDV
FRQILUPHGE\$EGXONDULPHWDOZKHUH3057KDGQRHIIHFWRQ\/55IUHHVXUYLYDO
 YV  DQG /55  YV  (YHQ ZRUVH WKH FRPSDULVRQ RI
PDVWHFWRP\YV3057UHYHDOHG WKDWSDWLHQWVZLWKRXW3057VKRZHG LQFUHDVHG\
26YVDQGGHFUHDVHG'0YV.\QGLHWDOVKRZHGWKHUH
ZDVQR VLJQLILFDQWGLIIHUHQFH LQ26DIWHU3057FRPSDUHG WRQR3057'HVSLWHD
VLJQLILFDQW UHGXFWLRQ LQ /55 DIWHU3057ZDV UHSRUWHG  YV  S
7KHDEVHQFHRIDSRVLWLYHHIIHFWRQWKH26FDQEHGXHWRPLFURPHWDVWDVHVIRUPDWLRQ
VLQFHWKHUHZDVQRLQFUHDVHRIYLVLEOHGLVWDQWPHWDVWDVLVRUGXHWRUDGLRUHVLVWDQFHRI
WKHWXPRU&RQWURYHUVLDOO\-DJVLHWDOSURPRWH3057LQQRGHQHJDWLYHWXPRUV
ZLWK KLJK ULVN RI /55 5HOHYDQW IDFWRUV WKDW VKRXOG EH FRQVLGHUHG LQ DGGLWLRQ WR
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 D[LOODU\ LQYROYHPHQW LQFOXGH WXPRU VL]H YHVVHO LQYDVLRQ PDUJLQ VWDWXV DQG
PHQRSDXVDOVWDWXV
2WKHUJURXSVUHSRUWWKDWWKHVXUYLYDOEHQHILWRIDGMXYDQWUDGLDWLRQLQ71%&SDWLHQWV
LVRQO\DWWULEXWHGWRWKRVHZKRUHFHLYHG%&66WHZDUGHWDOVKRZHGDEHQHILFLDO
HIIHFWRI3257LQ%&6+D]DUGUDWLRYV%&6DQG%&63257UHVSHFWLYHO\
S EXWQREHQHILWZDVREVHUYHGLQHLWKHUVLPSOHPDVWHFWRP\60RUPRGLILHG
UDGLFDOPDVWHFWRP\050'UDJXQHWDOLQYHVWLJDWHG%&6DQGLQIOXHQFHRI3257
DQGFRXOGFRQFOXGHWKDW3257WUHDWHGSDWLHQWVKDGDKLJKHU\/5)6YV
S EXWQRGLIIHUHQFHZDVVHHQLQ26LQ3257DQGLQQRQ3257
S 
5DGLRWKHUDS\LVQRWRQO\LPSRUWDQWLQORFDOFDQFHUFRQWUROLWDOVRHQKDQFHVWKHDQWL
FDQFHU HIIHFW RI FKHPRWKHUDS\ RQ FDQFHU FHOOV :DQJ HW DO IRXQG LPSURYHG
UHFXUUHQFHIUHH DQG RYHUDOO VXUYLYDO LQ SDWLHQWV ZKR UHFHLYHG FRPELQHG WKHUDS\ LQ
FRPSDULVRQWRWKRVHZKRRQO\UHFHLYHGFKHPRWKHUDS\
7KLV UHVXOW VXJJHVWV WKDW EUHDVW FRQVHUYDWLRQ WKHUDS\ZKLFK URXWLQHO\ LQFRUSRUDWHV
UDGLDWLRQPLJKWEHPRUHDSSURSULDWHWKDQPDVWHFWRP\IRUSDWLHQWVZLWKHDUO\VWDJH
71%&EXWIXUWKHU LQYHVWLJDWLRQLVZDUUDQWHG,WZRXOGEHLQWHUHVWLQJWRLQYHVWLJDWH
WKH HIIHFW RI UDGLRWKHUDS\ RQ WKH GLIIHUHQW 71%& VXEW\SHV /LNH %5&$GHILFLHQW
FDQFHUVKDYHDQ LQFUHDVHGUDGLRVHQVLWLYLW\EHFDXVHRIGHILFLHQWUHSDLURI WKH LQGXFHG
OHWKDO '1$ EUHDNV DQG WKHVH SDWLHQWV FRXOG KDYH D EHWWHU RXWFRPH ZLWK
UDGLRWKHUDS\0RVW OLNHO\%/DQG%/ VXEW\SHVZRXOGKDYH DKLJKHUEHQHILW RI
UDGLRWKHUDS\ EHFDXVH RI WKHLU KLJKO\ SUROLIHUDWLYH FKDUDFWHU ,0 VXEW\SH PD\
UHSUHVHQW PRVW PHGXOODU\ 71%& D VXEW\SH WKDW KDV D UHODWLYHO\ JRRG
UDGLRVHQVLWLYLW\
5DGLRVHQVLWLYLW\ UHPDLQV D SUREOHP LQ VXFFHVVIXO WUHDWPHQW RI 71%& 6HYHUDO
SURWHLQV OLSLGV JHQHV DQG PLFUR51$V WKDW DUH LQYROYHG LQ UDGLRUHVLVWDQFH DUH
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 LGHQWLILHGDQGFDQEHXVHGDVELRPDUNHUWRVHOHFWSDWLHQWPRUHOLNHO\WREHQHILWIURP
UDGLRWKHUDS\5HFHQWO\5HQHWDOGLVFRYHUHGWKDWWKHPLFUR51$DPL5D
D[LVSOD\VDQLPSRUWDQWUROHLQPRGXODWLQJUHVSRQVHWRUDGLRWKHUDS\LQ71%&FHOOV
&'&LVDGLUHFWWDUJHWRIPL5DDQGGRZQUHJXODWLRQLQFUHDVHGUDGLRUHVLVWDQFHRI
WKH 71%& FHOOV *DVSDULQL HW DO IRXQG D SRVLWLYH FRUUHODWLRQ EHWZHHQPL5
OHYHOV DQGSRVLWLYH UHVSRQVH WR UDGLRWKHUDS\ +LJK OHYHOV RIPL5 DUH DVVRFLDWHG
ZLWKORZHU5$'OHYHOVDQGEHWWHURYHUDOOVXUYLYDOLQ71%&SDWLHQWV'HWHFWLRQRI
WKHVHPDUNHUV LQSDWLHQWVPLJKWEHXVHIXO WR LGHQWLI\ WKH VXEJURXSRISDWLHQWVZKR
FRXOGEHQHILWIURPUDGLDWLRQWUHDWPHQWDQGKHOSWKHGHYHORSPHQWRIQRYHOWKHUDSHXWLF
VWUDWHJLHVWRRYHUFRPHUDGLRUHVLVWDQFHDQGLPSURYHUDGLRVHQVLWLYLW\

2.2.4 Targeted therapy 
3ULPDU\WULSOHQHJDWLYHEUHDVWFDQFHUVDUHVWLOOWUHDWHGDVLIWKH\ZHUHDVLQJOHGLVHDVH
HQWLW\+RZHYHUDVGHVFULEHGDERYHLWLVFOHDUWKH\GRQRWEHKDYHDVDVLQJOHHQWLW\
LQ UHVSRQVH WR FXUUHQW WKHUDSLHV:LWK WKH FODVVLILFDWLRQ RI71%& E\/HKPDQQ HW
DO LQ GLIIHUHQW VXEJURXSV ZLWK PLQLPDOPROHFXODU GLIIHUHQFHV PROHFXODU WDUJHWHG
GUXJVKDYHEHHQGHYHORSHGDQGWHVWHGIRUWUHDWPHQWRIVSHFLILF71%&VXEJURXSV,W
QHHGV WR EH PHQWLRQHG WKDW WDUJHWHG WKHUDSLHV DUH RQO\ XVHG LQ ORFDOO\ DGYDQFHG
DQGRUPHWDVWDWLFEUHDVWFDQFHUVHWXSRUFOLQLFDOWULDOV
2.2.4.1.1 Poly-adenosine-diphosphate-ribose-polymerase (PARP)                     
     inhibitors 
3$53VDUHLQYROYHGLQWKHGHWHFWLRQDQGUHSDLURI'1$GDPDJHDQGDUHLPSRUWDQW
LQ FHOO F\FOH SURJUHVVLRQ DQG DSRSWRVLV 3$53 OHYHOV DUH HOHYDWHG LQ 71%&V
HVSHFLDOO\ LQ %/ %/ VXEW\SHV DQG %5&$DVVRFLDWHG WXPRUV )LJ  
7KHUHIRUH 3$53 LQKLELWRUV HQKDQFH WKH HIIHFW RI '1$ GDPDJLQJ DJHQWV VXFK DV
UDGLRWKHUDS\ DQG FKHPRWKHUDS\ LQ %5&$ PXWDWHG FHOOV RU FHOOV ZLWK LPSDLUHG
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 KRPRORJRXV UHFRPELQDWLRQ +5 FRPSOH[ RU LQ FDUFLQRPDV ZLWK HOHYDWHG 3$53
OHYHOV
7KHXVHRI3$53LQKLELWRUVLVFXUUHQWO\XQGHUFOLQLFDOGHYHORSPHQWDQGDUHWDUJHWHG
WR3$53DQG3$53SURWHLQ8QIRUWXQDWHO\XQWLOQRZQRVXFFHVVZDVVHHQIRU
3$53LQKLELWRUVLQ71%&EXWFOLQLFDOWULDOVDUHRQJRLQJ
2.2.4.2 Anti-angiogenic agents 
71%&DUHNQRZQDVKLJKO\SUROLIHUDWLYHWXPRUV7RVXVWDLQWKLVUDSLGWXPRUJURZWK
GHYHORSPHQW RIQHZEORRGYHVVHOV LV QHFHVVDU\ WRSURYLGH WKH WXPRUZLWKQXWULHQWV
DQGXQIRUWXQDWHO\IRUPVDJDWHIRUPHWDVWDVLV9DVFXODUHQGRWKHOLDOJURZWKIDFWRU
9(*) LV D NH\ DQJLRJHQLFPHGLDWRU WKDW VWLPXODWHV HQGRWKHOLDO FHOO SUROLIHUDWLRQ
DQGUHJXODWHVYDVFXODUSHUPHDELOLW\ 71%&KDVHQKDQFHGYDVFXODUSUROLIHUDWLRQ
WKDW VXSSRUWV UDSLG JURZWK HDUO\ PHWDVWDVLV DQG KDV EHHQ IRXQG WR H[SUHVV KLJK
OHYHOVRI9(*)7KHDYDLODEOH9(*)WDUJHWLQJWUHDWPHQWVZRUNLQWZRGLIIHUHQW
ZD\V7KHILUVWRQHSUHYHQWV9(*)WRLQWHUDFWZLWKLWVUHFHSWRURQHQGRWKHOLDOFHOOV
E\ XVLQJ DPRQRFORQDO DQWLERG\ WKDW ELQGV WR 9(*) EHYDFL]XPDEDYDVWLQ 7KH
VHFRQG XVHV VPDOO PROHFXOH DQJLRJHQHVLV LQKLELWRUV VXQLWLQLE EORFNLQJ WKH 9(*)
UHFHSWRU
'HVSLWH WKH LQFUHDVHG SDWKRORJLF FRPSOHWH UHVSRQVH UDWH REVHUYHG LQ QHRDGMXYDQW
EHYDFL]XPDE LW GLG QRW WUDQVODWH LQWR D VXUYLYDO EHQHILW  5DQSXUD HW DO
VKRZHG WKDW WKH DGGLWLRQ RI EHYDFL]XPDEZDV DVVRFLDWHGZLWK DQ LQFUHDVHG ULVN RI
IDWDODGYHUVHHYHQWVHVSHFLDOO\ZKHQEHYDFL]XPDEZDVXVHGLQFRPELQDWLRQWKHUDS\
ZLWKWD[DQHVRUSODWLQXPGUXJV
2.2.4.3 EGFR inhibitor (HER1 inhibitor) 
:LWKDSSUR[LPDWHO\RIWKH71%&H[SUHVVLQJ(*)5WDUJHWLQJ(*)5FRXOGEHD
SURPLVLQJWKHUDS\IRU71%&8QIRUWXQDWHO\&DUH\HWDOIRXQGLQWKH7%&5&
 WULDO WKDW WUHDWPHQW ZLWK D PRQRFORQDO DQWLERG\ DJDLQVW (*)5 FHWX[LPDE
DORQH RU LQ FRPELQDWLRQ ZLWK FDUERSODWLQ KDG YHU\ ORZ UHVSRQVH UDWH LQ 71%&
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SDWLHQWVDQGUHVSHFWLYHO\(*)5DPSOLILFDWLRQVDUH UHSRUWHG LQRI WKH
71%& SDWLHQWV (VSHFLDOO\ %/ VXEW\SH VKRZV DQ XQLTXH JHQHWLF PXWDWLRQV
LQYROYLQJ JURZWK IDFWRU VLJQDOLQJ UHVXOWLQJ LQ XSUHJXODWLRQ RI (*)5 )LJ 
,GHQWLI\LQJSDWLHQWVZLWK WKHVHPXWDWLRQV FRXOGEHEHQHILFLDO IRU IXUWKHU WULDOVZLWK
(*)5WDUJHWLQJWKHUDSLHV
7KH RWKHU FODVVHV RI (*)5 LQKLELWRUV DUH DJHQWV ZKR WDUJHW WKH (*)5 W\URVLQH
NLQDVHGRPDLQEXWHUORWLQLEDQGJHILWLQLEDUHQRWYHU\HIIHFWLYHLQWKHWUHDWPHQWRI
%&
2.2.4.4 Aurora kinase inhibitors 
$XURUDNLQDVH$$XU$ LVDPHPEHURIWKHPLWRWLFVHULQHWKUHRQLQHNLQDVH IDPLO\
DQGSOD\VDFUXFLDOUROHLQWKHVKDSLQJRIFHOOPLWRWLFVSLQGOHVFHQWURVRPHGXSOLFDWLRQ
DQG F\WRNLQHVLV ;X HW DO VKRZHG WKDW 71%& FHOOV RYHUH[SUHVV $XU$ DQG
LQKLELWLRQRI WKLVNLQDVHGHFUHDVHGFHOOSUROLIHUDWLRQDQGSUHYHQWHGFHOOPLJUDWLRQ LQ
YLWUR 2YHUH[SUHVVLRQ RI $XU$ ZDV DVVRFLDWHG ZLWK KLJK .L OHYHO ZKLFK
FRUUHVSRQGVWRDKLJKO\SUROLIHUDWLYH71%&VXEW\SH$XU$NLQDVHLQKLELWRUVFRXOGEH
SURPLVLQJ IRU %/ VXEW\SH EHFDXVH RI WKHLU KLJK SUROLIDWLRQ UDWH )LJ  
5HFHQWO\GHVFULEHG$XU$NLQDVH LQKLELWRUV WKDW DUHXVHG LQSUHFOLQLFDO VHWWLQJV DUH
DOLVHUWLE0/1DQG$0*
2.2.4.5 IGF-1R inhibitors 
7KHLQVXOLQOLNHJURZWKIDFWRUUHFHSWRU,*)5VLJQDOLQJSDWKZD\LVDQLPSRUWDQW
UHJXODWRURIJURZWKVXUYLYDOPLJUDWLRQDQJLRJHQHVLVDQGLQYDVLRQLQFDQFHU,*)
5LVDPSOLILHGLQEDVDOEUHDVWFDQFHUDQGKLJKOHYHOVRI,*)5SURWHLQDUHVHHQLQ
71%&SDWLHQWV)LJ$YDLODEOHWUHDWPHQWVWDUJHWLQJWKH,*)5VLJQDOLQJ
SDWKZD\ ZRUN LQ WZR GLIIHUHQW ZD\V PRQRFORQDO DQWLERGLHV DJDLQVW ,*)5
FL[XWXPXPDE DQG W\URVLQH NLQDVH LQKLELWRU %06  /LW]HQEXUJHU HW
DOVKRZHGWKDWLQPRXVHPRGHOVWUHDWPHQWRI71%&ZLWK%06UHVXOWHGLQ
WXPRUUHJUHVVLRQZKHQFRPELQHGZLWKGR[HWD[HO
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 2.2.4.6 PI3K/Akt/mTOR inhibitors 
RI71%&VKDYHJHQHWLFPXWDWLRQVLQ3,.SDWKZD\DVVRFLDWHGJHQHV7KH
3,. SDWKZD\ LV LQYROYHG LQ UHJXODWLRQ RI FHOO SUROLIHUDWLRQ VXUYLYDO DQG
PLJUDWLRQ$FWLYDWLRQ RI WKH3,.SDWKZD\ FDQ RFFXU E\ DW OHDVW ZD\V)LUVW
WKURXJKPXWDWLRQVWKDWDFWLYDWHV3,.&$ZKLFKDUHDOVRWKHPRVWIUHTXHQWJHQHWLF
HYHQW LQ EUHDVW FDQFHU7KH RWKHUZD\ RI3,.SDWKZD\ DFWLYDWLRQ LV E\ ORVV RI
37(1 WXPRU VXSSUHVVRU JHQH IXQFWLRQ DQGRU ,133% JHQH IXQFWLRQ ORVV FDXVLQJ
WKH LQFUHDVH RI 3,. DFWLYDWLRQ DQG GRZQVWUHDP $NW DQGRUP725 DFWLYDWLRQ
%HFDXVH RI WKH KLJK PXWDWLRQ UDWH RI 3,. SDWKZD\DVVRFLDWHG JHQHV LQ 71%&
WDUJHWLQJ WKLV SDWKZD\ FRXOG EH D JRRG DOWHUQDWLYH WUHDWPHQW ,QKLELWRUV RI WKLV
SDWKZD\KDYHEHHQWHVWHGLQSUHFOLQLFDODQGFOLQLFDOWULDOV0/DQG/$5VXEW\SHV
KDYH H[SUHVVLRQ SURILOHV ZLWK WKH PRVW IUHTXHQW 3,. SDWKZD\DVVRFLDWHG JHQH
PXWDWLRQV WKHUHIRUH WKH\ DUHPRUH VHQVLWLYH WR3,.SDWKZD\ LQKLELWRUV FRPSDUHG
ZLWKRWKHU71%&VXEW\SHV)LJ
7KH3,.SDWKZD\LVLPSRUWDQWLQWKHVWDELOL]DWLRQRIWKH%5&$SURWHLQOHYHOV
,QKLELWLQJ3,.PDNHV%5&$SURILFLHQWSDWLHQWVVHQVLWLYHWR3$53LQKLELWLRQ
2.2.4.7 Src inhibitors 
&RPSDUHGWRRWKHUEUHDVWFDQFHUW\SHV71%&VKRZHGKLJKHUIUHTXHQF\RIDEHUUDQW
VDUFRPD RQFRJHQH 6UF 0/ VXEW\SH H[SUHVVHV JHQHV WKDW DUH DVVRFLDWHG ZLWK
(07DQGFHOOPRWLOLW\ 1RQUHFHSWRUW\URVLQHNLQDVHVUFSOD\VDFULWLFDOUROHLQ
FHOOPLJUDWLRQ SUROLIHUDWLRQ GLIIHUHQWLDWLRQ DQG FHOO VXUYLYDO 7KHUHIRUH WDUJHWLQJ
6UFFRXOGEHXVHIXOIRU0/VXEW\SH71%&)LJ
6UF LQKLELWRUGDVDWLQLED VPDOOPROHFXOH W\URVLQHNLQDVH LQKLELWRUZKLFKEORFNV6UF
DQG$EO NLQDVH VHOHFWLYHO\ LQKLELWV JURZWK RI71%& FHOO OLQHV EXW VKRZHGPRGHVW
UHVXOWVZKHQJLYHQDVPRQRWKHUDS\
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 2.2.4.8 Androgen receptor (AR) inhibition 
7KH/$5VXEW\SHH[SUHVVHVKLJKOHYHOVRI$5ZKLFKDUHGULYHQE\$5VLJQDOLQJDQG
ZKLFKUHSUHVHQWVDWKHUDSHXWLFWDUJHWIRUWKLVVXEW\SH)LJ
$5DQWDJRQLVWELFDOXWDPLGHXVHGDVPRQRWKHUDS\VKRZHGDFOLQLFDOEHQHILFLDOUDWH
RI  LQ SDWLHQWV ZLWK PHWDVWDWLF $5 SRVLWLYH DQG KRUPRQH UHFHSWRU QHJDWLYH
EUHDVWFDQFHU
2.2.4.9 Heat shock protein (Hsp) 90 inhibition  
$5 UHTXLUHV +VS FKDSHURQH IRU SURSHU SURWHLQ IROGLQJ DQG VWDELOLW\ RI VHYHUDO
SURWHLQV WKDW SOD\ DQ LPSRUWDQW UROH LQ SUROLIHUDWLRQ VXUYLYDO DQG DQJLRJHQHVLV
'LVWLQFWPRGHV RI+VS LQKLELWLRQ FDXVH GHVWDELOL]DWLRQ DQG GHJUDGDWLRQ RI+VS
WDUJHWSURWHLQVLQDSURWHDVRPHGHSHQGHQWPHFKDQLVP
+VSLQKLELWRUJDQHWHVSLEUHGXFHGYLDELOLW\RI71%&FHOOOLQHVDQGVXSSUHVVHGOXQJ
PHWDVWDVLV LQ H[SHULPHQWDO PRXVH PRGHOV ,Q D SKDVH ,, FOLQLFDO WULDO FOLQLFDO
UHVSRQVHZDVVHHQ LQDEUHDVWFDQFHUSRSXODWLRQZLWKPHWDVWDWLFGLVHDVH)XUWKHU
WULDOV ZLWK +VS LQKLELWRUV DV PRQRWKHUDS\ RU LQ FRPELQDWLRQ ZLWK UDGLRRU
FKHPRWKHUDS\ DUH MXVWLILHG LQ PRUH WDUJHWHG SDWLHQWV KDUERULQJ VSHFLILF +VS
RQFRSURWHLQV/$571%&FHOOOLQHVDUHWKHPRVWVHQVLWLYHWR+VSLQKLELWRU)LJ







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Figure 5: Scheme of different TNBC subtypes and there specific targeted therapies. BL1 (basal-like 
1), BL2 (basal-like 2), IM (immunomodulatory, ML ( mesenchymal-like), MSL (mesenchymal stem-like) 
and LAR (luminal androgen receptor). Adapted from Turner NC et al.17 and Mancini P et al.59  
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Chapter 
 3 
Radiobiology 
3 2 

 3.1 Ionizing radiation: X-rays 
3.1.1 Definition 
;UD\V DUH KLJKHQHUJ\ HOHFWURPDJQHWLF ZDYHV ZLWKRXW HOHFWULF FKDUJH LH SKRWRQ
EHDPV;UD\VFDXVHH[FLWDWLRQVDQGLQGLUHFWLRQLVDWLRQDORQJWKHLUZD\WKURXJKWKH
ERG\7KHSURFHVVRI LRQL]DWLRQRIDQDWRPRFFXUVZKHQWKHHQHUJ\RIWKHDEVRUEHG
;UD\ LV ELJJHU WKDQ WKH ELQGLQJ HQHUJ\ RI WKH RUELWDO HOHFWURQ RI DQ DWRP LQ WKH
PHGLXP7KHRUELWDOHOHFWURQH[FLWHVWKHDWRPUHVXOWLQJLQDIUHHHOHFWURQ&RPSWRQ
HOHFWURQDQGWKH;UD\SKRWRQORVHVHQHUJ\GXHWRWKHLQWHUDFWLRQEXWFRQWLQXHVWR
WUDYHO WKURXJK WKHPHGLXP &RPSWRQ VFDWWHULQJ 7KH LRQL]HG DWRP UHWXUQV WR LWV
VWHDG\VWDWHE\HPLVVLRQRIDFKDUDFWHULVWLF;UD\IOXRUHVFHQWUDGLDWLRQRUDQ$XJHU
HOHFWURQ,Q;UD\UDGLDWLRQLRQL]DWLRQDQGH[FLWDWLRQDUHFDXVHGE\WKHHOHFWURQVRI
WKHPHGLXPDQGDUH FDOOHG LQGLUHFW LRQL]LQJUDGLDWLRQ ,RQL]LQJ UDGLDWLRQGHSRVLWVD
UHODWLYHO\ODUJHDPRXQWRIHQHUJ\LQWRDVPDOOYROXPHRIPHGLXPUHVXOWLQJLQGDPDJH
WRWKHVXUURXQGLQJFHOOXODUFRPSRQHQWV,RQL]DWLRQSURSHUWLHVGHSHQGRQWKHHQHUJ\RI
WKH SKRWRQ H9 DQG WKH FKHPLFDO FRPSRVLWLRQ RI WKH PHGLXP (OHFWURPDJQHWLF
UDGLDWLRQLVLRQL]LQJZKHQLWKDVDSKRWRQHQHUJ\OHYHOH9!H9FRUUHVSRQGLQJ
ZLWK D ̧  FP %DVHG RQ 5DGLDWLRQ 'RVLPHWU\ DQG 5DGLRSURWHFWLRQ  3URI GU +XEHUW
7KLHUHQVي8*HQW'HSDUWPHQWRI%DVLF0HGLFDO6FLHQFHV1RQSXEOLVKHG

3.1.2 Biological effects 
7R FRPSDUH WKH ELRORJLFDO HIIHFWLYHQHVV RI GLIIHUHQW NLQGV RI UDGLDWLRQ LQ D
TXDQWLWDWLYHZD\UHODWLYHELRORJLFDOHIIHFWLYHQHVV5%(ZDVLQWURGXFHG5%(LVWKH
UDWLRRIWKHDEVRUEHGGRVHIRUDUHIHUHQFHUDGLDWLRQN9S;UD\RU&RȥUD\WR
WKHDEVRUEHGGRVHIURPDWHVWUDGLDWLRQWRJLYHWKHVDPHOHYHORIELRORJLFDOHIIHFWLQD
JLYHQWLVVXH5%(LVDQH[SHULPHQWDOO\PHDVXUHGTXDQWLW\GHSHQGHQWRQWKHUDGLDWLRQ
OLQHDUHQHUJ\WUDQVIHU/(7GRVHFRQGLWLRQVGRVHWHPSRGRVHIUDFWLRQVEXWDOVR
HQYLURQPHQWDO IDFWRUV 2 W\SH RI ELRORJLFDO V\VWHP FHOO OLQHV DQG HQGSRLQW RI
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LQYHVWLJDWLRQ HJ VXUYLYDO FKURPRVRPDO DEHUUDWLRQ RU WLVVXH UHDFWLRQ %DVHG RQ
5DGLRELRORJ\ DQG 5DGLRSDWKRORJ\  3URI GU $QQH 9UDO ي 8*HQW 'HSDUWPHQW RI %DVLF 0HGLFDO
6FLHQFHV1RQSXEOLVKHG
3.1.2.1 Direct and indirect actions of radiation on DNA 
,RQL]LQJ HYHQWVGLVUXSW'1$PROHFXOHVE\NQRFNLQJRXW DQ LQWUDPROHFXODUERQGLQJ
HOHFWURQ 7KH UHVXOWLQJ PROHFXOH LV QRZ FDOOHG D UDGLFDO DQG ZLOO UHDFW ZLWK
VXUURXQGLQJZDWHURURWKHU'1$PROHFXOHV:KHQWKHDEVRUEHGHQHUJ\LVWRRORZIRU
LRQL]DWLRQ H[FLWDWLRQ RI WKH '1$ PROHFXOHV WDNHV SODFH 7KH '1$ PROHFXOHV IDOO
DSDUWDQGIRUPUDGLFDOVWKDWZLOOUHDFWZLWKWKHVXUURXQGLQJPROHFXOHV)LJ
,QGLUHFW GDPDJLQJ HIIHFWV DUH FDXVHG E\ LQWHUDFWLRQ RI LRQL]LQJ UDGLDWLRQZLWK+2
PROHFXOHV7KHFRPSOH[UHDFWLRQZKHUH+2PROHFXOHVDUHLRQL]HGLVFDOOHGUDGLRO\VLV
,QWKLVSURFHVVUDGLFDOVDUHIRUPHGWKDWZLOOLQWHUDFWDQGGDPDJH'1$PROHFXOHV
,Q WKH SUHVHQFH RI2 GLVUXSWHGPROHFXOHV DQG UDGLFDOV UHFRPELQH WR IRUP UHDFWLYH
R[\JHQ VSHFLHV 5267KHVH FRQVLVWRISHUR[\O UDGLFDOV VWURQJ R[LGDQWZKLFKZLOO
IXUWKHUUHDFWDQGZLOO IRUPVXSHUR[LGHDQG+2)LJ%DVHGRQ5DGLRELRORJ\DQG
5DGLRSDWKRORJ\  3URI GU$QQH9UDO ي8*HQW'HSDUWPHQW RI %DVLF0HGLFDO 6FLHQFHV  1RQ
SXEOLVKHG


Figure 6: Direct and indirect DNA damage by ionizing radiation. 
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 3.2 Radiation and breast cancer 
3.2.1 Effect on breast cancer cells 
3.2.1.1 Tumor inhibiting effects 
,RQL]LQJ UDGLDWLRQ KROGV WKH SRWHQWLDO WR NLOO FDQFHU FHOOV E\ WUDQVIHUULQJ VXIILFLHQW
TXDQWLWLHVRI HQHUJ\ WR WKH FDQFHU FHOOZKLFKZLOOEUHDNGRZQDOONLQGVRI FKHPLFDO
ERQGV'1$51$SURWHLQVDQG OLSLGV+RZHYHU LQGLUHFWGDPDJLQJHIIHFWVDSSHDU
PRUHIUHTXHQWDVFHOOVFRQVLVWPDLQO\RIZDWHU%DVHGRQ5DGLRELRORJ\DQG5DGLRSDWKRORJ\
3URIGU$QQH9UDOي8*HQW'HSDUWPHQWRI%DVLF0HGLFDO6FLHQFHV1RQSXEOLVKHG
DNA 
'1$EUHDNGRZQFDXVHVGLIIHUHQWNLQGVRIELRFKHPLFDOFKDQJHVLQ'1$PROHFXOHV,
VLQJOHVWUDQG66%DQG,,GRXEOHVWUDQG'1$EUHDNV'6%,,,EDVHGDPDJHRU
ORVV,9IRUPDWLRQRIFURVVOLQNV'1$'1$RU'1$SURWHLQRU9VXJDUGDPDJH
1RUPDOFHOOVKDYHWZRNLQGVRIGRXEOHVWUDQG'1$'6%UHSDLUPHFKDQLVPV,ٍHUURU
IUHHَ UHSDLU LH KRPRORJRXV UHFRPELQDWLRQ DQG ,, ٍHUURU SURQHَ UHSDLU LH QRQ
KRPRORJRXVHQGMRLQLQJDUHWKHPRVWLPSRUWDQWSDWKZD\V7KHODWWHULVWKHPRVW
XVHG DQG FDQ UHVXOW LQPLVUHSDLU FDXVLQJPXWDWLRQV DQG FKURPRVRPDO DEHUUDWLRQV
&KURPRVRPDODEHUUDWLRQVDUHYDULDWLRQVLQFKURPRVRPDOQXPEHUHJK\SHUGLSOR±GLH
!  FKURPRVRPH RU VWUXFWXUH GXH WR IXVLRQ RI JHQHV RU UHDUUDQJHG JHQHV HJ
3KLODGHOSKLDFKURPRVRPHVSHFLILFWUDQVORFDWLRQRI'1$EHWZHHQFKURPRVRPHDQG
ZKLFKUHVXOWVLQDVKRUWHQHGFKURPRVRPHDQGOHQJWKHQLQJRIFKURPRVRPH
2WKHU'1$GDPDJHVDUHPRVWO\UHSDLUHGE\EDVHH[FLVLRQUHSDLUEDVHPRGLILFDWLRQ
HJPHWK\ODWHGEDVHVQXFOHRWLGHH[FLVLRQUHSDLUEXON\OHVLRQVDVS\ULPLGLQHGLPHUV
RUPLVPDWFKUHSDLUVLQJOHEDVHPLVPDWFKHV%DVHGRQ5DGLRELRORJ\DQG5DGLRSDWKRORJ\
3URIGU$QQH9UDOي8*HQW'HSDUWPHQWRI%DVLF0HGLFDO6FLHQFHV1RQSXEOLVKHG
$FULWLFDOFRPSRQHQWLQWKHKRPRORJRXVUHFRPELQDWLRQUHSDLUSDWKZD\ LV%5&$
0XWDWLRQV LQ WKH %5&$JHQH JLYH ULVH WR JHQHWLF LQVWDELOLW\ DQG LPSDLUHG '1$
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 UHSDLUZKLFKUHVXOWVLQDQLQFUHDVHGULVNIRUEUHDVWDQGRYDULDQFDQFHU7KHSRVLWLYH
DVSHFWRIWKLVLPSDLUHG'1$UHSDLULVVHHQLQ%5&$PXWDWHGFDQFHUFHOOVWKDWDUH
KLJKO\VHQVLWLYHWR'1$GDPDJLQJDJHQWVHJUDGLRWKHUDS\FKHPRWKHUDS\&HOO
F\FOH FKHFNSRLQWV DUH UHVSRQVLEOH IRU WKH FRUUHFW FRPSOHWLRQ RI WKH FHOO F\FOH7KH\
UHSUHVHQW LQWUDFHOOXODU VLJQDO WUDQVGXFWLRQ SDWKZD\V WKDW VWRS WKH FHOO F\FOH XSRQ
'1$GDPDJHRUUHSOLFDWLYHVWUHVV7KLVDOORZVWKHFHOOWRUHSDLULWVGDPDJHRUZKHQ
WKHUH LV WRR PXFK GDPDJH WR XQGHUJR FHOO GHDWK 7KH PHFKDQLVP RI FHOO GHDWK
UHVSRQVH WR LRQL]LQJ UDGLDWLRQ LV YHU\ FRPSOH[ DQG GHSHQGV RQ GLIIHUHQW IDFWRUV
'LIIHUHQW UDGLDWLRQLQGXFHG FHOO GHDWK SURFHVVHV DUH , DSRSWRVLV ,, PLWRWLF FHOO
GHDWK,,,QHFURVLV,9VHQHVFHQFHDQG9DXWRSKDJ\
0RUH VSHFLILFDOO\ FHOOV LQ WKH *0SKDVH RI WKH FHOO F\FOH DUH WKH PRVW
UDGLRVHQVLWLYH&HOOVLQ*SKDVHRXWRIFHOOF\FOHRUVORZO\SUROLIHUDWLQJFHOOVORQJ
*SKDVH DUH OHVV UDGLRVHQVLWLYH'XULQJ*SKDVH JHQH UHJLRQV DUH FRYHUHGZLWK
SURWHLQV WKDWSURWHFW WKH'1$ IURP UDGLDWLRQGDPDJH 6RKLJKO\ SUROLIHUDWLYH FHOOV
KDYH PRUH FHOOV LQ WKH UDGLRVHQVLWLYH SKDVH DQG DUH WKH PDLQ WDUJHW RI LRQL]LQJ
UDGLDWLRQ 5DGLRVHQVLWLYLW\ LV DOVR UHODWHG WR WKH '1$UHSDLU SDWKZD\ WKDW LV
XWLOL]HG :KHQ FHOOV DUH LUUDGLDWHG GXULQJ 6SKDVH RI WKH FHOO F\FOH KRPRORJXHV
UHFRPELQDWLRQLVXVHGWRUHSDLUGV'1$EUHDNVGXULQJ0SKDVH1+(-LVXVHGDQG
WKLVHUURUIUHH'1$UHSDLUKHOSVWKHFHOOWRVXUYLYHDQGFRUUHODWHVZLWKDQLQFUHDVHLQ
UDGLRUHVLVWDQFH
Cytoplasm 
,Q WKH F\WRSODVP LRQL]LQJ UDGLDWLRQ FDXVHV IRUPDWLRQ RI 526 UHDFWLYH QLWURJHQ
VSHFLHV 516 DQG XSUHJXODWLRQ RI 12 ZKLFK FRQWULEXWH WR WKH WR[LF HIIHFW LQ
LUUDGLDWHGDQGQRQLUUDGLDWHGFHOOV526FRQWULEXWHVWRWKHJHQHUDWLRQRIK\GUR[\O
UDGLFDOV

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 Plasma membrane  
,RQL]LQJ UDGLDWLRQ DQG IUHH UDGLFDOV FDQ FDXVH GDPDJH WR WKH SODVPD PHPEUDQH
UHVXOWLQJLQDFWLYDWLRQRIWKHVSKLQJRP\HOLQSDWKZD\$FWLYDWLRQRIVSKLQJRP\HOLQDVH
UHVXOWV LQEUHDNGRZQRI VSKLQJRP\HOLQ WKXVJHQHUDWLQJFHUDPLGHZKLFK LVDSRWHQW
PHGLDWRURIDSRSWRVLV7KLVUHVXOWVLQSLQGHSHQGHQWFHOOGHDWK
Mitochondria 
,RQL]LQJ DJHQWV FDXVH FKDQJHV LQ PLWRFKRQGULD /RVV RI PLWRFKRQGULDO PHPEUDQH
SRWHQWLDO DQG UHOHDVH RI F\WRFKURPH & DFWLYDWHV WKH FDVSDVH FDVFDGH WKDW FDXVHV
DSRSWRVLV  ,W DOVR OHDGV WR HQKDQFHG UHOHDVHRI526516E\ WKHPLWRFKRQGULD
WKDW LQ WXUQ ZLOO DFWLYDWH SGHSHQGHQW FHOO GHDWK 8SRQ LRQL]LQJ UDGLDWLRQ
FHUDPLGH FDQEHGLUHFWO\ UHOHDVHG E\ WKHPLWRFKRQGULD WKURXJKGLUHFW DFWLYDWLRQ RI
PLWRFKRQGULDOFHUDPLGHV\QWKDVH
,PSRUWDQWIRUDOORIIWKHVHHYHQWVLVWKDWWKH\ LQGXFHWKHH[SUHVVLRQRIJHQHVZKRVH
SURGXFWVDFWLYDWHPXOWLSOH VLJQDO WUDQVGXFWLRQFDVFDGHVZKLFK LQWKHLU WXUQVXVWDLQ
WKHWXPRULQKLELWLQJHIIHFWRUSURPRWHFHOOVXUYLYDO7KHEDODQFHEHWZHHQWKHWZR
GHWHUPLQHVWKHIDWHRIWKHLUUDGLDWHGFHOO:KHQFDQFHUFHOOVDUHOHGLQWRWKHFHOOGHDWK
SDWKZD\ WKHVH HDUO\ ELRFKHPLFDO HYHQWV ZLOO HYROYH LQ WLPH DQG PDQLIHVW DV
PRUSKRORJLFDOFKDQJHVRIIWKHWXPRUUHVXOWLQJLQWXPRUUHJUHVVLRQ
3.2.1.2 Tumor promoting effects 
8QIRUWXQDWHO\ XQGHU FHUWDLQ FRQGLWLRQV D SRSXODWLRQ RI FDQFHU FHOOV PDQDJHV WR
VXUYLYH UDGLRWKHUDS\ WKLV HLWKHU EHFDXVH WKH WXPRU UHFHLYHG D VXEOHWKDO UDGLDWLRQ
GRVH DQGRU EHFDXVH WKH WXPRU PDQDJHV WR VXUYLYH E\ PDNLQJ XVH RI UHSDLU
PHFKDQLVPV7KLVOHDGVWRDFWLYDWLRQRIVLJQDOWUDQVGXFWLRQSDWKZD\VDQGUHOHDVHRI
VROXEOH IDFWRUVE\WKHFDQFHUFHOO7KHVHIDFWRUVZLOOKDYHDQDXWRFULQHRUSDUDFULQH
HIIHFWRQWKHFDQFHUFHOOVDQGVXUURXQGLQJWLVVXH6XUYLYLQJFHOOVDUHPRUHUHVLVWDQWWR
WKHUDS\ DQG KDYHPRUHPHWDVWDWLF SRWHQWLDO ZKLFK UHVXOWV LQPRUH DJJUHVVLYH DQG
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PDOLJQDQW UHFXUUHQW WXPRUV '\LQJ FDQFHU FHOOV FDQ DOVR FRQWULEXWH WR WXPRU
SURPRWLQJ HYHQWV7KH\ SURYLGH VLJQDOV WR SURPRWH WXPRU UHSRSXODWLRQ'LIIHUHQW
PHFKDQLVPV FRQWULEXWH WR WKLV UDGLDWLRQLQGXFHG WXPRUSURPRWLQJ HYHQW DQG DUH
GHVFULEHGEHORZ
Upregulation of proteases, bioactive lipids, cytokines and other 
growth factors 
Proteases 
0DWUL[PHWDOORSURWHLQDVHV 003FOHDYHH[WUDFHOOXODUPDWUL[ (&0DQGEDVHPHQW
PHPEUDQH FRPSRQHQWV SURPRWLQJ LQYDVLRQ RI FDQFHU FHOOV LQWR VXUURXQGLQJ WLVVXH
&XUUHQWUHVHDUFKLVPRVWO\IRFXVHGRQWKHXSUHJXODWLRQRI003DQG003DIWHU
UDGLDWLRQH[SRVXUH,WLVGHVFULEHGWKDWLUUDGLDWLRQRISDQFUHDWLFFDQFHUFHOOVLQFUHDVHV
LQYDVLRQ RI WKH FDQFHU FHOOV WKURXJK WUDQVLWLRQRI ODWHQW003 WR WKH DFWLYH IRUP
DQG LQFUHDVHV WKH H[SUHVVLRQ DQG DFWLYLW\ RI003 LQ LUUDGLDWHG FDQFHU FHOOV
(QKDQFHG 003 VHFUHWLRQ FRQWULEXWHV WR LQYDVLRQ RI FDQFHU FHOOV WKURXJK 6UF
GHSHQGHQW (*)5 DFWLYDWLRQ WULJJHULQJ S$NW DQG WKH 3,.$NWVLJQDOLQJ
SDWKZD\ 6XEOHWKDO UDGLDWLRQ HQKDQFHV FDQFHU FHOO LQYDVLRQ E\003 H[SUHVVLRQ
WKURXJKWKH3,.$NW1)̦%SDWKZD\&RUUHVSRQGLQJO\ LQYHVWLJDWLRQVRI LQYLYR
PRGHOVRISURVWDWH FDQFHU IRXQGD FRUUHODWLRQEHWZHHQ WKHDSSHDUDQFHRI UDGLDWLRQ
LQGXFHGPHWDVWDVLVDQGDFWLYDWLRQRI003
8URNLQDVHW\SHSODVPLQRJHQDFWLYDWRUX3$LVDSURWHDVHZLWKF\WRNLQHOLNHDFWLYLW\
,UUDGLDWLRQ RI FDQFHU FHOOV UHVXOWV LQ VHFUHWLRQ RI X3$ ZKLFK SURPRWHV FDQFHU FHOO
PLJUDWLRQLQYDVLRQDQGDQJLRJHQHVLVLQYLWURDQGLQYLYR
+XDQJ HW DO VKRZHG WKDW LUUDGLDWHG G\LQJ 7 EUHDVW FDQFHU FHOOV SURPRWH FHOO
JURZWKRIQRQLUUDGLDWHGKHDOWK\7LQYLWURDQGLQYLYRLQDFDVSDVHGHSHQGHQW
PDQQHU
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 3URWHDVHV DOVR FRQWULEXWH WR WKH UHOHDVH RI JURZWK IDFWRUV YLD WKHLU SURWHRO\WLF
DFWLYLWLHVLQGLUHFWO\DFWLYDWLQJVLJQDOLQJSDWKZD\VWKDWSOD\DUROHLQWXPRULQYDVLRQ
DQGPHWDVWDVLV
Bioactive lipids
'\LQJFHOOVFDQDOVRVWLPXODWHWXPRUJURZWKE\UHOHDVLQJJURZWKSURPRWLQJVLJQDOV
WKH VXUYLYLQJ FDQFHU FHOOV DUH VWLPXODWHG WR SUROLIHUDWH +XDQJ HW DO IRXQG WKDW
FDVSDVH  UHJXODWHV WKH UHOHDVH RI JURZWKSURPRWLQJ SURVWDJODQGLQ ( 3*( E\
G\LQJFDQFHUFHOOV:LWKLQKRXUVDIWHUUDGLDWLRQLQFUHDVHGVHFUHWLRQRISURVWDJODQGLQV
DQG WKURPER[DQHV LV VHHQ ZKLFK FRQWULEXWHV WR WKH UDGLRSURWHFWLYH HIIHFW RI WKH
FDQFHUFHOOV ,QKLELWLRQRISURVWDJODQGLQV\QWKHVLVPDNLQJXVHRIF\FORR[\JHQDVH
LQKLELWRUZDVDVVRFLDWHGZLWKLPSURYHGLUUDGLDWLRQUHVSRQVH
Cytokines and other growth factors 
,RQL]LQJUDGLDWLRQWULJJHUVUDSLGDFWLYDWLRQRIPXOWLSOHF\WRNLQHFDVFDGHVZLWKDSHDN
SURGXFWLRQKRXUVDIWHULUUDGLDWLRQ&\WRNLQHVFDQEHGLYLGHGLQWRJURXSVZLWK
UHODWHGIXQFWLRQDOSURSHUWLHV3URLQIODPPDWRU\F\WRNLQHVXFKDV71)̝,/̝DQG̞
,/ DQJLRJHQLFYDVFXODU 9(*) 71)̝ DQG )*) DQWLLQIODPPDWRU\ ,/ ,/
DQG7*)̞ SURILEURWLF ,/ DQG7*)̞ LPPXQHVWLPXODWRU\ ,/ ,/ DQG ,/
DQGKHPDWRSRLHWLF&6)*0&6),/(325DGLDWLRQHQKDQFHVWKHVHFUHWLRQRI
PDQ\ F\WRNLQHV 3DUWLFXODUO\ XSUHJXODWLRQ RI SURLQIODPPDWRU\ DQJLRJHQLF DQG
ILEURWLF F\WRNLQHV FRQWULEXWH WR WKH UDGLDWLRQLQGXFHG SURLQYDVLYH DQG PHWDVWDWLF
FKDUDFWHURIWKHFDQFHUFHOOV
)RU H[DPSOH XSUHJXODWLRQ RI ,/ VHFUHWLRQ FRQWULEXWHV WR FDQFHU FHOO LQYDVLRQ%\
DFWLYDWLRQ RI ,/-$.67$7 VLJQDOLQJ LQ %&& LW SURPRWHV WXPRULJHQHVLV DQG
PHWDVWDVLV $IWHU UDGLDWLRQ H[SRVXUH 7*)̞ VHFUHWLRQ LV XSUHJXODWHG LQ GLIIHUHQW
NLQGVRIFDQFHUFHOOOLQHV,UUDGLDWLRQRIFDQFHUFHOOVHQKDQFHVPLJUDWLRQDQGLQYDVLRQ
WKURXJK 7*)̞PHGLDWHG (07 ,QKLELWLRQ RI 7*)̞ VLJQDOLQJ UHYHUVHV UDGLDWLRQ
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 LQGXFHG (07 DQG GHFUHDVHV PLJUDWLRQ DQG LQYDVLRQ RI WKH FDQFHU FHOOV ,Q
QHXUREODVWRPD LW LV GHVFULEHG WKDW UDGLDWLRQ WULJJHUV 71)̝ WUDQVDFWLYDWLRQ DQG
VHFUHWLRQ LQ D 1)̦%GHSHQGHQW PDQQHU ZKLFK IDYRUV VXUYLYDO ,QFUHDVHG 9(*)
FRQFHQWUDWLRQ LV GHWHFWHG LQ FRQGLWLRQHG PHGLXP RI LUUDGLDWHG JOLREODVWRPD FHOOV
$XWRFULQHDFWLYDWLRQRI9(*)5UHFHSWRUHQKDQFHVJOLREODVWRPDFHOOPRWLOLW\7KLV
LQFUHDVHG9(*)VHFUHWLRQDOVRVWLPXODWHVDQJLRJHQHVLVE\LQIOXHQFLQJHQGRWKHOLDOFHOOV
SUHVHQWRXWVLGHWKHUDGLDWLRQILHOG
Activation of signaling pathways 
,UUDGLDWLRQRIFDQFHUFHOOVPLJKWSURPRWHLQYDVLRQDQGPHWDVWDVLVEXWWKHPROHFXODU
PHFKDQLVPV LQYROYHG KDYH QRW EHHQ IXOO\ HOXFLGDWHG 7KH VLJQDO WUDQVGXFWLRQ
SDWKZD\V WKDW VXVWDLQ DQWLWXPRU HIIHFWV FDQ DOVR EH XVHG WR SURPRWH WXPRU
VXUYLYDOSUROLIHUDWLRQPLJUDWLRQDQG LQYDVLRQ%\XSUHJXODWHG UHFHSWRUDFWLYDWLRQ
DQGRU VHFUHWLRQ RI VROXEOH IDFWRUV WKHVH SDWKZD\V DUH VWLPXODWHG 7KH PRVW
LPSRUWDQWUDGLDWLRQLQGXFHGW\SHVRIVLJQDOLQJZRUNWKURXJKDFWLYDWLRQRI(*)5DQG
,*)5DQGRWKHUJURZWKIDFWRUUHFHSWRUVDFWLYDWLQJWKH3,.0$3.-$.67$7
DQGSSDWKZD\VILQDOO\UHVXOWLQJLQDFWLYDWLRQRISURFDVSDVHVDQG1)̦%
)RU H[DPSOH DFWLYDWLRQ RI (*)5 DIWHU LUUDGLDWLRQ KDV EHHQ UHSRUWHG E\ VHYHUDO
JURXSV7KH\FRQFOXGHWKDWUDGLDWLRQLQGXFHG(*)5VWLPXODWLRQOHDGVWRDFWLYDWLRQ
RIWKH0$3.SDWKZD\DQGFDXVHVDJURZWKVWLPXODWRU\HIIHFWLQKXPDQFDUFLQRPD
FHOOV )LJ   ,QYDVLYHSRWHQWLDO RI JOLRPD FHOO LV HQKDQFHGDIWHU LUUDGLDWLRQE\
DFWLYDWLRQ RI (*)5 DQG ,*)5 WKURXJK5KR VLJQDOLQJ YLD 3,. SDWKZD\V )LJ
2VXNDHWDO VKRZHG WKDW UDGLDWLRQH[SRVXUHFDXVHGDQXSUHJXODWLRQRIERWK
,*) VHFUHWLRQ DQG ,*)5 H[SUHVVLRQ OHDGLQJ WR GRZQVWUHDP $NW VXUYLYDO
VLJQDOLQJLQJOLRPDVWHPFHOOV)XUWKHUPRUHWUHDWLQJUDGLRUHVLVWDQWFHOOVZLWKDQ,*)
5LQKLELWRUPDUNHGO\LQFUHDVHGVHQVLWLYLW\WRUDGLDWLRQ)LJ
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 ,Q QRQVPDOO OXQJ FDQFHU WKH 3,.$NW SDWKZD\ LV DVVRFLDWHG ZLWK WKH LQWULQVLF
UDGLRVHQVLWLYLW\PHFKDQLVPK\SR[LDDQG WXPRU FHOOSUROLIHUDWLRQ$OO WKHVH HIIHFWV
FRQWULEXWHWRUDGLRUHVLVWDQFHRIQRQVPDOOOXQJFDQFHU)LJ
7KH UDGLDWLRQLQGXFHG LQFUHDVH LQ PLJUDWLRQ DQG PHWDVWDWLF SRWHQWLDO RI FHUYLFDO
FDQFHUFHOOVRSHUDWHVYLDWKH.5DVSDWKZD\5DVSOD\VDSURPHWDVWDWLFUROHYLDWKH
DFWLYDWLRQ RI F5DIS ZKHUHDV LQWHUIHUHQFH RI WKRVH PHGLDWRUV YLD HLWKHU 51$
LQWHUIHUHQFHPHGLDWHG NQRFNGRZQ RU WKH XVH RI FKHPLFDO LQKLELWRUV VXEVWDQWLDOO\
UHYHUVHVWKHUDGLRUHVLVWDQFHDVVRFLDWHGLQFUHDVHLQFHOOPLJUDWLRQ)LJ
$QRWKHU LPSRUWDQW VLJQDOLQJ SDWKZD\ LV DFWLYDWHG XSRQ F0HW VWLPXODWLRQ F0HW
RYHUH[SUHVVLRQZDV VHHQ LQ EUHDVW FDQFHU FHOOV DIWHU LUUDGLDWLRQ UHVXOWLQJ LQ OLJDQG
LQGHSHQGHQWUHFHSWRUSKRVSKRU\ODWLRQDQGDOVRPDNLQJFDQFHUFHOOVPRUHVHQVLWLYHWR
+*) 7KLV SURPRWHV UDGLDWLRQLQGXFHG LQYDVLRQ FHOO VXUYLYDO DQG SUROLIHUDWLRQ
7UHDWPHQWZLWKF0HWLQKLELWRUHQKDQFHGUDGLRWKHUDS\HIILFDF\DQGFDXVHG[HQRJUDIW
WXPRUUHJUHVVLRQ
5HFHQWVWXGLHVVKRZHGDQLQGXFHGH[SUHVVLRQRI+,)̝DQG526LQLUUDGLDWHGOXQJ
FDQFHU FHOOV OHDGLQJ WR WUDQVFULSWLRQDO DFWLYDWLRQ RI &;&5 DQG LQFUHDVHG
LQYDVLYHQHVVYLDWKH6')&;&5SDWKZD\

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Figure 7: Pathways involved in radiation-induced tumor-promoting effects. Radiation stimulates 
different intracellular pathways. Each color corresponds to a receptor specific signaling cascade 
described in a study. References are indicated above the receptors. Studies about EGFR signal are 
indicated in blue. Studies about IGFR are indicated in green and studies involving other growth 
factor receptors (GFR) are indicated in yellow. Arrow represents an activating interaction. The 
results of these receptor stimulations, described in all of the referred articles, contribute to the 
tumor promoting effect of radiotherapy. Adapted from Moncharmont C et al.37 

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 Radiation-induced EMT 
7KHHIIHFWVRI UDGLDWLRQLQGXFHG LQFUHDVHG VHFUHWLRQRIJURZWK IDFWRUVDQG LQFUHDVHG
DFWLYDWLRQRIPXOWLSOHVLJQDOSDWKZD\VOHDGWRJHQHWLFFKDQJHVFDXVLQJGLVUXSWLRQRI
WKHJHQHWLFHSLWKHOLDOEDODQFH)LJ7KLVOHDGVWRPROHFXODUFKDQJHVLQWKHFDQFHU
FHOOV , ORVV RU GHFUHDVH RI HSLWKHOLDO PDUNHUV DQG ,, JDLQ RU LQFUHDVH RI
PHVHQFK\PDOPDUNHUV)LJ(YHQWXDOO\LWOHDGVWRSKHQRW\SLFFKDQJHVRIWKH
FDQFHU FHOOV , VSLQGOHFHOO VKDSH ,, ORVVRISRODULW\ ,,, ORVVRI FHOOFHOO FRQWDFW
,9 JDLQ RI FHOOPDWUL[ FRQWDFW DQG 9 SVHXGSRGLD IRUPDWLRQ 5HVHDUFKHUV
VKRZHGWKDWLRQL]LQJUDGLDWLRQRIFDQFHUFHOOVLQGXFHV(075DGLDWLRQLQGXFHG(07
UHVXOWV LQ LQFUHDVHG PRWLOLW\ PLJUDWLRQ LQYDVLRQ DQG HYHQ PHWDVWDVLV RI WKH
LUUDGLDWHGFDQFHUFHOOV,QFDQFHUFHOOVZLWKKLJKHUPHWDVWDWLFSRWHQWLDOUDGLDWLRQ
H[SRVXUH FDQ LQGXFH (07 PRUH HDVLO\ 0DUWLQ HW DO VKRZHG WKDW GXULQJ
UDGLRWKHUDS\ PRELOL]DWLRQ RI YLDEOH FDQFHU FHOOV LQWR WKH FLUFXODWLRQ SURPRWHV
PHWDVWDVLVIRUPDWLRQ








 
Figure 8: Overview EMT. EMT, a process where cells progressively differentiate from epithelial 
phenotype to mesenchymal phenotype. The epithelial and mesenchymal cell markers and EMT 
regulators are listed. Adapted from Kalluri R and Weinberg RA.47  
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3.2.2 Effect on local tumor microenvironment 
,QWKH ODVWGHFDGHUDGLDWLRQWHFKQLTXHVKDYH LPSURYHG LQDZD\WKDW WKHUDGLDWLRQ
GRVH WR WKH WXPRU KDV LQFUHDVHG ZKLOH PLQLPL]LQJ UDGLDWLRQ GRVH GHOLYHUHG WR
VXUURXQGLQJ ّKHDOWK\ْ WLVVXH1HYHUWKHOHVV VRPH VXUURXQGLQJ WLVVXH LV VWLOOGDPDJHG
E\WKHHIIHFWVRILRQL]LQJUDGLDWLRQERWKGLUHFWO\DQGLQGLUHFWO\,UUDGLDWHGFHOOVVHQG
VLJQDOV WKURXJK VROXEOH IDFWRUV RU GLUHFW LQWHUFHOOXODU FRPPXQLFDWLRQ WR WKH
QHLJKERXULQJFHOOV7KHVHFDQGLVUXSWQRUPDOFHOOIXQFWLRQFDXVLQJHLWKHUFHOOGHDWKRU
HOLFLWLQJ D UHVSRQVH WKURXJK DFWLYDWLRQ RI VHYHUDO VLJQDO WUDQVGXFWLRQ SDWKZD\V
FDXVLQJDVLJQDOOLQJFDVFDGH7KLVHIIHFWLVWKHVRFDOOHGٍUDGLDWLRQLQGXFHGE\VWDQGHU
HIIHFWَ 5,%( 7KLV HIIHFW FDQ OHDG WR UHSDLU RI WKH GDPDJHG FHOOV RUPD\ WULJJHU
WKHP WR GLH 7RJHWKHU ZLWK WKH GLUHFW WDUJHWHG HIIHFW WKHVH QRQWDUJHWHG HIIHFWV
LQFUHDVH WKHGDPDJH FDXVHGE\ UDGLRWKHUDS\ )LJ 7KLV FDXVHV FKDQJHV WR WKH
WXPRU PLFURHQYLURQPHQW LQ D ZD\ WKDW LW FRXOG SURPRWH FDQFHU LQLWLDWLRQ DQG
SURJUHVVLRQ7KHVHHIIHFWKDYHRQO\EHHQGHVFULEHGLQLQYLWURDQGLQYLYRH[SHULPHQWV
DQGWLVVXHPRGHOV
    Figure 9: Radiation damage dose response curve.  

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 ,Q SDWLHQWV ORQJUDQJH HIIHFWV EHWZHHQ RU ZLWKLQ WLVVXHV DUH UHSRUWHG DV VR FDOOHG
ّDEVFRSDO HIIHFWْ7KLVQRQWDUJHWHGHIIHFW DFWXDOO\DQRXWRIILHOGHIIHFW FDQEHWWHU
EHGHVFULEHGDVORZGRVHUDGLDWLRQHIIHFWVFDXVHGE\,KHDGOHDNDJH,,VFDWWHULQJ
DWWKHEHDPFROOLPDWRUDQGIODWWHQLQJILOWHUDQG,,,LQWHUQDOVFDWWHURIWKHUDGLDWLRQ
EHDP%XWWKHDEVFRSDOHIIHFWFDQDOVREHFDXVHGLQGLUHFWO\E\V\VWHPLFVHFUHWLRQRI
F\WRNLQHVDIWHUUDGLDWLRQRUE\WXPRUDGDSWLYHLPPXQHUHVSRQVH
3.2.2.1 CAF-myofibroblast-stroma 
&DQFHUDVVRFLDWHGILEUREODVWV&$)DQGP\RILEUREODVWVDUHLPSRUWDQWFRPSRQHQWVRI
WKHWXPRUVWURPD0RUHRYHU&$)DFWLYDWLRQLQWRP\RILEUREODVWVLVDQRWKHUNH\VWHS
LQ UDGLDWLRQLQGXFHG ILEURVLVDQGUDGLDWLRQLQGXFHGFDQFHUFHOO LQYDVLRQZKHUHWKHVH
FHOOV SOD\ DQ DFWLYH UROH LQ WKH V\QWKHVLV DQG UHPRGHOLQJ RI H[WUDFHOOXODU PDWUL[
(&0FRPSRQHQWV 8SUHJXODWLRQRI(&0SURWHLQV VXFKDVWHQDVFLQ&71&
DQG FROODJHQ , F\WRNLQHV VXFK DV +*) 7*)̞ DQG &;&/ DQG PDWUL[
UHPRGHOLQJHQ]\PHVVHFUHWLRQDUHVHHQLQ&$)XSRQLUUDGLDWLRQ+*)VHFUHWLRQLV
LQFUHDVHG E\ LUUDGLDWHG ILEUREODVWV 7KLV LQFUHDVHV LQYDVLRQ RI FDQFHU FHOOV WKURXJK
XSUHJXODWHGF0HWSKRVSKRU\ODWLRQDQG0$3.DFWLYLW\,QFUHDVHGVHFUHWLRQRI,/
̞E\LUUDGLDWHGILEUREODVWVVWLPXODWHVWKHH[SUHVVLRQRI&2;LQEUHDVWFDQFHUFHOOV
ZKLFKOHDGVWR3*(LQGXFHGVWLPXODWLRQRI003SURGXFWLRQ +XDQJHWDO
UHYHDOHG WKDW LUUDGLDWHG PRXVH ILEUREODVWV VWLPXODWH FDQFHU FHOO UHSRSXODWLRQ E\
HQKDQFHG UHOHDVH RI 3*( LQWR WKH VXSHUQDWDQW LQ D FDVSDVH GHSHQGHQW ZD\
%DUFHOORV+RIIHWDOLQYHVWLJDWHGWKHHIIHFWRILUUDGLDWLRQRQWKHPLFURHQYLURQPHQW
WKHUHE\IRFXVLQJRQWKHUROHRI7*)̞LQWKLVSURFHVV7KH\FRQFOXGHWKDWLUUDGLDWLRQ
LQGXFHV D UDSLG DQG SHUVLVWHQW 7*)̞ DFWLYDWLRQ )XUWKHU 7*)̞ LQGXFHV WKH
SUROLIHUDWLRQ RI FHUWDLQ W\SHV RI FDQFHU FHOOV JOLRPD EUHDVW FDUFLQRPD DQG
RVWHRVDUFRPDDFWLYDWLRQDQGGLIIHUHQWLDWLRQRIHSLWKHOLDOFHOOVDQGP\RILEUREODVWV
,WDOVRFRQWULEXWHVWRWKHORFDOFUHDWLRQRIDLPPXQRVXSSUHVVLYHHQYLURQPHQW$OO
RI WKH DERYH HIIHFWV FRQWULEXWH WR WKH WUDQVIRUPDWLRQ RI WXPRU VWURPD IURP D
GHIHQVLYH WR RIIHQVLYH SOD\HU LQ WXPRULJHQHVLV ,QKLELWLRQ RI 7*)̞ SULRU WR
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 LUUDGLDWLRQ LQFUHDVHVEUHDVWFDQFHUFHOO UDGLRVHQVLWLYLW\ LQYLWURDQGSURPRWHV WXPRU
UDGLDWLRQFRQWUROLQYLYR
5HVHDUFK VKRZHG WKDW LUUDGLDWHG ILEUREODVWV WULJJHU UHVSRQVHV LQ QRQLUUDGLDWHG
QHLJKERULQJ FHOOV FRQWULEXWLQJ WR WKH UDGLDWLRQLQGXFHGE\VWDQGHU HIIHFW ,UUDGLDWHG
PRXVH ILEUREODVWVVWLPXODWHGJURZWKRI VTXDPRXVFHOOFDUFLQRPDFHOOVDQGHQKDQFHG
WKHLU H[SUHVVLRQ RI JURZWK LQYDVLRQ DQG PRWLOLW\UHODWHG PROHFXOHV F0HW 5DV
0$3.FDVFDGH003DQG  WKURXJK7*)̞PHGLDWHGE\VWDQGHUPHFKDQLVPV
7*)̞ DQG 6') VHFUHWHG E\ ILEUREODVWV H[SRVHG WR UDGLDWLRQ VWLPXODWH WXPRU
SURJUHVVLRQ WKURXJK DFWLYDWLRQ RI -$.67$7 5KR5RFN 3,.$NW DQG 0$3.
SDWKZD\V
3ULPDU\WXPRUVUHFXUULQJLQWKHLUUDGLDWHGILHOGDUHFKDUDFWHUL]HGE\DORQJODWHQF\
SHULRGDQGDUHGXFHGYROXPHWULFJURZWKUDWHZLWKKLJKPHWDVWDWLFUDWHSRRUR[\JHQ
VXSSO\DQGUHVLVWDQFHWRWUHDWPHQW7KLVLVWKHVRFDOOHGّWXPRUEHGHIIHFWْ7%(
7%(LVDGRVHGHSHQGHQWDQGORFDOHIIHFWRQO\REVHUYHGLQWXPRUVDULVLQJLQVLGHWKH
LUUDGLDWHG VWURPD ,UUDGLDWLRQ RI WXPRU VWURPD LV RQH RI WKH FRPSRQHQWV
FRQWULEXWLQJ WR WKLV HIIHFW WKH RWKHU FRPSRQHQW LV WKH HIIHFW RI UDGLDWLRQ RQ WKH
WXPRU YDVFXODULW\ 7%( SURPRWHV LQYDVLRQ DQG PHWDVWDVLV E\ XSUHJXODWLRQ RI
PDWULFHOOXODU SURWHLQV &<5 SURPHWDVWDWLF F\WRNLQHV DQG SURWHDVHV DQG E\
FRRSHUDWLRQZLWKLQWHJULQV̝9̞
7KHVH REVHUYDWLRQV QRW RQO\ RFFXU LQ H[SHULPHQWDO VHWXSV $GMXYDQW UDGLRWKHUDS\
LPSURYHVORFDOWXPRUFRQWUROEXWIDLOXUHRIWKLVFRQWUROJLYHVULVHWRWXPRUUHFXUUHQFH
LQSUHLUUDGLDWHGVWURPDZLWKWKHVHWXPRUVEHLQJDVVRFLDWHGZLWKLQFUHDVHGPHWDVWDVLV
ULVNDQGSRRUSURJQRVLV
2Q WKH ORQJ WHUP HDUO\ ILEUREODVW DFWLYDWLRQ DQG LQFUHDVHG LQIODPPDWLRQ UHVSRQVH
ZLOO OHDG WR LQFUHDVHG (&0 SURGXFWLRQ DQG UHPRGHOLQJ JLYLQJ ULVH WR UDGLDWLRQ
LQGXFHGILEURVLVDQGLUUHSDUDEOHQRUPDOWLVVXHGDPDJH
70
 3.2.2.2 Endothelial cells-tumor vasculature 
,UUDGLDWLRQRISULPDU\WXPRUVFDXVHVGDPDJHWRWKHYDVFXODWXUHRIERWKWXPRUDQG
QRUPDO VXUURXQGLQJ WLVVXH7KLV OHDGV WR HQGRWKHOLDO FHOO G\VIXQFWLRQ FKDUDFWHUL]HG
E\ LQFUHDVHG SHUPHDELOLW\ GHWDFKPHQW IURP EDVHPHQWPHPEUDQH DQG FHOO GHDWK
,QDGHTXDWH YDVFXODU VXSSO\ LQ WKH LUUDGLDWHG VWURPD FRQWULEXWHV WR WKH WXPRUEHG
HIIHFW E\ SRWHQWLDWLQJ WXPRU K\SR[LD DQG WULJJHULQJ WKH LPPXQH UHVSRQVH E\
LQFUHDVHG VHFUHWLRQ RI F\WRNLQHV DQG JURZWK IDFWRUV 5DGLDWLRQ QRW RQO\ FDXVHV
K\SR[LDLQRQHSDUWRIWKHWXPRUEXWDOVRFDXVHVUHR[\JHQDWLRQRWKHUSDUWVRIWKH
WXPRU7KLVOHDGVWRFHOOGHDWKDQGFHOOVKULQNDJHWKHUHIRUHFDXVLQJGHFUHDVHGR[\JHQ
FRQVXPSWLRQ 7KLV FRQWULEXWHV WR WKH VXVWDLQHG K\SR[LD VWDWH 5DGLDWLRQLQGXFHG
K\SR[LDUHGXFHVWKHSURGXFWLRQRI526GHFUHDVHV'1$GDPDJHLQFDQFHUFHOOVWKXV
SUHYHQWLQJFHOOGHDWK+\SR[LDLQGXFHVUDSLGLQFUHDVHRIK\SR[LDLQGXFLEOHIDFWRU̝
+,)̝ LQ LUUDGLDWHG WXPRUV DV D UHVXOW RI LQFUHDVH LQ R[LGDWLYH VWUHVV DQG
LPSURYHPHQW LQ JOXFRVH DQG R[\JHQ DYDLODELOLWLHV 7KLV OHDGV WR VWLPXODWLRQ RI
WUDQVFULSWLRQ RI PDQ\ JHQHV HQFRGLQJ IRU SURWHLQV UHJXODWLQJ FDQFHU FHOO JURZWK
LQYDVLRQPHWDVWDVLVDQJLRJHQHVLVO\PSKDQJLRJHQHVLVDQGUDGLRUHVLVWDQFHSDWKZD\V
,UUDGLDWLRQRIPHODQRPD[HQRJUDIWVLQFUHDVHGWKHIUDFWLRQRIK\SR[LFFHOOVLQD
WXPRUPDVV LQ YLYR ([SHULPHQWDOO\ LQGXFHGPHODQRPD WXPRUV WKDW UHJUHZ LQ WKH
SUHLUUDGLDWHGEHGKDGK\SR[LDPHGLDWHGXSUHJXODWLRQRIPHWDVWDVLVSURPRWLQJJHQHV
WKDW FRQWULEXWHG WR PHWDVWDVLV IRUPDWLRQ E\ LQGXFLQJ QHRDQJLRJHQHVLV IDFLOLWDWLQJ
KHPDWRJHQRXVVSUHDGDQGXSUHJXODWLRQRIX3$52WKHULQYLYRPRGHOVVKRZHGWKDW
.LW/F.LW VLJQDOLQJ LV FULWLFDOO\ LQYROYHG LQPHWDVWDVLV IRUPDWLRQRI EUHDVW WXPRUV
JURZLQJLQDSUHLUUDGLDWHGEHG
8SRQ LUUDGLDWLRQ SURVXUYLYDO VLJQDOLQJSDWKZD\VDUH DFWLYDWHG LQ HQGRWKHOLDO FHOOV
7KLVSURPRWHVDQJLRJHQHVLVDQGLVDVVRFLDWHGZLWKUDGLRWKHUDS\IDLOXUHDQGHQKDQFHV
UDGLDWLRQLQGXFHGPHWDVWDVLV(YHQORZGRVHUDGLDWLRQORZHURUHTXDOWR*\
OHG WR OLJDQGLQGHSHQGHQWSKRVSKRU\ODWLRQRI WKH9(*)5 UHFHSWRU RQ HQGRWKHOLDO
FHOOV SURPRWLQJ HQGRWKHOLDO FHOO PLJUDWLRQ DQG SUHYHQWLQJ HQGRWKHOLDO FHOO GHDWK
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WKURXJK3,.$NWDQG0(.(5.VLJQDOLQJSDWKZD\V8QGHUK\SR[LFFRQGLWLRQV
ORZGRVH UDGLDWLRQ LQGXFHV 9(*) H[SUHVVLRQ LQ HQGRWKHOLDO FHOOV ,UUDGLDWLRQ RI
HQGRWKHOLDOFHOOVFDXVHVDFWLYDWLRQRIVXUIDFHUHFHSWRUV̝Y̞LQWHJULQSURWHFWLQJWKHP
IURPDSRSWRVLVDQGLQFUHDVHVWKHLUDELOLW\WRWULJJHUDQJLRJHQHVLV5DGLDWLRQZLWKD
VLQJOHGRVH*\SURPRWHVHQGRWKHOLDOFHOOVXUYLYDODQGFDSLOODU\IRUPDWLRQ LQYLWUR
DQG LQ YLYR WKURXJK DFWLYDWLRQ RI $NW*6.̞ VLJQDOLQJ  *\ UDGLDWLRQ FDXVHV
+,)̝XSUHJXODWLRQLQHQGRWKHOLDOFHOOVDQGXSUHJXODWLRQRID+,)̝LQGHSHQGHQW
6') ZKLFKPHGLDWHV HQGRWKHOLDOPLJUDWLRQ +RZHYHU KLJKGRVH UDGLDWLRQ 
*\ ORFDOO\ VXSSUHVVHG )*) DQG 9(*)LQGXFHG DQJLRJHQHVLV LQ TXLHVFHQW EORRG
YHVVHOV ,QKLELWHG VSURXWLQJPLJUDWLRQ SUROLIHUDWLRQ DQG SUHPDWXUH VHQHVFHQFH DQG
HQKDQFHG PDWUL[ DGKHVLRQ RI HQGRWKHOLDO ZLWKRXW LQFUHDVLQJ FHOO GHDWK ZHUH
GHVFULEHG LQ YLWURPDNLQJ TXLHVFHQW HQGRWKHOLDO FHOOV UHVLVWDQW WR UDGLDWLRQLQGXFHG
FHOO GHDWK  &\WRNLQHV DUH UHOHDVHG LQWR WKH V\VWHPLF FLUFXODWLRQ DQG WULJJHU
UHFHSWRUVORFDWHGRQWKHVXUIDFHRIHJERQHPDUURZFHOOVZKLFKDUHUHOHDVHGLQWRWKH
FLUFXODWLRQ7KHVHPRELOL]HGERQHPDUURZGHULYHGDQJLRJHQLFFHOOVKRPHWRWKHWXPRU
DQGVWLPXODWHYDVFXODUL]DWLRQDQGO\PSKDQJLRJHQHVLV
5DGLDWLRQUHODWHG (*)5 DFWLYDWLRQ RU UDGLDWLRQUHODWHG 526 VWLPXODWLRQ RI FDQFHU
FHOOV WULJJHUV DQJLRJHQHVLV E\ WKH VHFUHWLRQ RI JURZWK IDFWRUV 9(*) E)*)
SURWHDVHV003RUE\LQKLELWLQJHQGRJHQRXVDQJLRJHQLFLQKLELWRUDQJLRVWDWLQ
 ,Q PLFH 003LQKLELWRUV LQWHUIHUHG ZLWK WKH DQWLWXPRU DFWLRQ RI UDGLDWLRQ
OHDGLQJWR LQKLELWLRQRI WXPRUJURZWKDQGDQJLRJHQHVLV([RJHQRXVDGPLQLVWUDWLRQ
RI DQJLRJHQHVLV LQKLELWRUV FRXOG EH EHQHILFLDO IRU D VXEVHW RI SDWLHQWV ,Q PRXVH
PRGHOV DGPLQLVWUDWLRQ RI UHFRPELQDQW DQJLRVWDWLQ SUHYHQWHG WKH JURZWK RI
PHWDVWDVHVDIWHUUDGLDWLRQWUHDWPHQWRISULPDU\/HZLVOXQJFDUFLQRPD
5DGLDWLRQLQGXFHGYDVFXODUGDPDJH IDFLOLWDWHV WXPRUFHOO LQWUDYDVDWLRQ6HFUHWLRQRI
9(*) E\ FDQFHU FHOOV LQFUHDVHG SHUPHDELOLW\ RI WXPRU EORRG YHVVHOV SURPRWLQJ
LQWUDYDVDWLRQ RI FDQFHU FHOOV +\SR[LDLQGXFHG DQJLRSRLHWLQ  H[SUHVVLRQ LQ
72
 HQGRWKHOLDO FHOOVZKLFK UHVXOWV LQ UHGXFHG FRYHUDJH RI HQGRWKHOLDO FHOOV E\SHULF\WHV
DQGHQKDQFHVFDQFHUFHOOOHDNDJHLQWRWKHEORRGVWUHDP
3.2.2.3 Immune cells 
5DGLDWLRQ KDV DQ DQWLLQIODPPDWRU\ DQG LPPXQRVXSSUHVVLYH HIIHFW WKURXJK WKH
GHVWUXFWLRQ RI WXPRU DVVRFLDWHG LPPXQH FHOOV ,W WULJJHUV LPPXQH UHDFWLRQ DQG
LQIODPPDWLRQE\FDXVLQJUHOHDVHRIّGDQJHUVLJQDOVْDVZHOODVWXPRUGHULYHGDQWLJHQV
7KH ILUVW LQ OLQH DUH FHOOV RI WKH LQQDWH LPPXQH V\VWHP OLNH GHQGULWLF FHOO
PDFURSKDJHV DQG QHXWURSKLOV WKDW SURGXFH F\WRNLQHV DQG FKHPRNLQH WR DWWUDFW
DQWLJHQSUHVHQWLQJFHOOV  7KHVHFHOOVZLOOPLJUDWHWRGUDLQLQJ O\PSKQRGHVDQG
SUHVHQW WKHWXPRUDVVRFLDWHGDQWLJHQVWRQHDUE\7FHOOV7KHVHZLOOPLJUDWH WRZDUG
WKH WXPRU DQG FDQ FDXVH WXPRU FHOO GHDWK %XW LQ WKH WXPRUPLFURHQYLURQPHQW
70( LPPXQH FHOOV FDQ HLWKHU SURPRWH RU LQKLELW FDQFHU GHYHORSPHQW DIWHU
UDGLDWLRQH[SRVXUHGHSHQGHQWRQPDWXUDWLRQ VWDWHDQG WKHLUSRVLWLRQ LQ70( 
2QO\ ORFDO HYHQWV ZLOO EH GHVFULEHG LQ WKLV SDUDJUDSK 6\VWHPLF HYHQWV ZLOO EH
GHVFULEHG LQWKHHIIHFWVRQGLVWDQWWLVVXHV7KHW\SHRIFDQFHUFHOOGHDWKGHWHUPLQHV
WKHW\SHRIHOLFLWHG LPPXQHUHVSRQVH5DGLDWLRQLQGXFHGFHOOGHDWKJHQHUDOO\RFFXUV
WKURXJKDSRSWRVLVRUQHFURVLVEXWLQVRPHFDVHVGXHWR'1$GDPDJHLQWKH70(LW
FDQOHDGWRPLWRWLFFDWDVWURSKH
5DGLDWLRQLQGXFHG'1$GDPDJHOHDGVWRDFWLYDWLRQRI1)̦%LQDQ$70GHSHQGHQW
ZD\ RU DOWHUQDWLYHO\ UDGLDWLRQ H[SRVXUH DFWLYDWHV 1)̦% LQGHSHQGHQW IURP '1$
GDPDJHWKURXJKDFWLYDWLRQRI71)5DVVRFLDWHGIDFWRUV1)̦%DFWLYDWLRQFDXVHVWKH
H[SUHVVLRQ RI ّSURLQIODPPDWRU\ْ PROHFXOHV OLNH 71)̝ ,/ ,/ /HXNRF\WH
GHWHFWLRQRIWKHVHPROHFXOHVDFWLYDWHVERWKLQQDWHDQGDGDSWLYHLPPXQHUHVSRQVHV
7KH ILUVW RQH WR UHVSRQG DUH LQQDWH OHXNRF\WHV , GHQGULWLF FHOOV '& ,,
PDFURSKDJHV,,,QDWXUDONLOOHUFHOOV1.DQG,9PDVWFHOOV'&VSUHVHQWDWWKH
WLPH RI LUUDGLDWLRQ DUH OHVV HIIHFWLYH DQWLJHQ SUHVHQWLQJ FHOOV DQG \LHOG LQGXFHG
LPPXQH UHVSRQVLYHQHVV EXW WKH E\VWDQGHU HIIHFW HQKDQFHV QRQLUUDGLDWHG '&
73
 DFWLYDWLRQ DQG VWLPXODWHV VSHFLILF DQWLWXPRU LPPXQLW\ 7XPRU FHOO GHDWK
DVVRFLDWHGUHOHDVHRIGDQJHUVLJQDOV OLNH$73UHOHDVH DFWVRQSXULQHUJLFUHFHSWRURI
'&V OHDGLQJ WR DFWLYDWLRQ RI WKH LQIODPPDVRPH WKDW VXVWDLQV LPPXQH UHVSRQVHE\
VHFUHWLRQRISURLQIODPPDWRU\F\WRNLQHV'XULQJUDGLDWLRQH[SRVXUHFDOUHWLFXOLQDQG
+0*% EHFRPH H[SRVHG RQ WKH VXUIDFH RI G\LQJ FHOOV DQG HOLFLW DQ DQWLWXPRU
UHDFWLRQWKURXJKWROOOLNHUHFHSWRURQ'&VDQGPDFURSKDJHV5DGLDWLRQDFWLYDWHV
SURWHRO\WLF DFWLYLWLHV RI WXPRUDVVRFLDWHG PDFURSKDJHV 7$0 GLUHFWO\ WKURXJK
DFWLYDWLRQ RI 1)̦% E\ KLJKGRVH UDGLDWLRQ RU LQGLUHFWO\ WKURXJK DFWLYDWLRQ RI
DGDSWLYHDQWLWXPRU LPPXQLW\DW ORZGRVHV UDGLDWLRQ ([SRVXUHRIPDFURSKDJHV
WR7K F\WRNLQHV 71)̝ ,)1ȥ DQG*0&6) OHDGV WR HQKDQFHG F\WRWR[LF HIIHFW
DQGSURGXFWLRQRISURLQIODPPDWRU\F\WRNLQHV ,/̝̞DQG ,/ ([SRVXUH WR
7K F\WRNLQHV ,/ DQG ,/ RQ WKH RWKHU KDQG EORFNV F\WRWR[LF 7 O\PSKRF\WH
DFWLYLW\ DQG SURPRWHV DQJLRJHQHVLV DQG WLVVXH UHPRGHOLQJ E\ VHFUHWLRQ RI 7*)̞
9(*)DQG003'\LQJFDQFHUFHOOVUHOHDVH+VSDQGRWKHUGDQJHUPROHFXOHV
WDUJHWLQJWKHPIRUFHOOO\VLVE\1.FHOOV/RZGRVHUDGLDWLRQUHVXOWVLQVWLPXODWLRQRI
WKHDQWLWXPRUUHDFWLRQVWLPXODWHGE\1.FHOOVLQYLYR5DGLDWLRQSURPRWHV003
GHSHQGHQW9(*)SURGXFWLRQE\PDVWFHOOV
6RPH WXPRU FHOOV FDQ HVFDSH WKHVH HYHQWV E\ GRZQUHJXODWLRQ RI 0+& FODVV ,
PROHFXOHV EXW UHPDUNDEO\ PRVW RI WKH LUUDGLDWHG FDQFHU FHOO OLQHV KDYH DQ
XSUHJXODWLRQ RI0+& FODVV ,PROHFXOHV DQGRU RWKHU VXUIDFHPROHFXOHV OLNH ,&$0
DQG)DV&' SURPRWLQJ UHFRJQLWLRQ RU NLOOLQJ E\ F\WRWR[LF7FHOOV  $OVR
XSUHJXODWLRQ RI DGKHVLRQ PROHFXOHV ,&$0 9&$0 (VHOHFWLQ DQG 3VHOHFWLQ
LQFUHDVHV H[WUDYDVDWLRQ RI O\PSKRF\WHV LQWR WKH WXPRU HQYLURQPHQW HQKDQFLQJ
LPPXQHFHOOWUDIILFNLQJLQ70(
7KHUROHRILPPXQLW\LQUDGLDWLRQUHVSRQVHFDQEHUHJDUGHGDVDGRXEOHHGJHGVZRUG
,GHQWLFDO PHGLDWRUV FDQ HLWKHU FDXVH SUR RU DQWLWXPRU HIIHFWV GHSHQGLQJ RQ WKH
FRQWH[W,QKLELWLRQRISURWXPRULPPXQHSDWKZD\VLQFRPELQDWLRQZLWKUDGLRWKHUDS\
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 FRXOG EH HIIHFWLYH IRU WXPRU VXSSUHVVLRQ DQG LPSURYH DQWLWXPRU RXWFRPH RI
UDGLRWKHUDS\
3.2.2.4 Epithelial cells 
,Q EUHDVW FDQFHU WKH LUUDGLDWHG VWURPD SURPRWHV WXPRULJHQLF SRWHQWLDO RI QRQ
LUUDGLDWHGHSLWKHOLDOFHOOV:KHQQRUPDOPRXVHPDPPDU\HSLWKHOLDOFHOOV&200$'
FHOOVZHUHWUDQVSODQWHGLQDQLUUDGLDWHGKRVWPRUHTXLFNO\DKLJKHUWXPRULQFLGHQFH
ZLWK ODUJHU WXPRUV ZDV IRXQG WKDQ ZKHQ LPSODQWHG LQ D QRQLUUDGLDWHG KRVW
$QGDUDZHZD HW DO IRXQG WKDW LRQL]LQJ UDGLDWLRQ LQGXFHV SHUVLVWHQW (5.0$3.
DFWLYDWLRQLQQRQPDOLJQDQWPDPPDU\FHOOVDQGVWLPXODWHVWKHPWRXQGHUJR7*)̞
PHGLDWHGVHFUHWHGE\ LUUDGLDWHGVWURPD(077KLVFDQ OHDG LQWKH ORQJWHUPWR
FDUFLQRJHQHVLV
7KHVH ILQGLQJV VXVWDLQ WKH LGHD WKDW WKH LUUDGLDWHG WXPRU DQG FRUUHVSRQGLQJ
PLFURHQYLURQPHQW FRQWULEXWH WR WKH UDGLDWLRQHQKDQFHG LQYDVLRQ DQGPHWDVWDVLV RI
FDQFHUFHOOV3DWKRORJLFDOHIIHFWVRIWKHDERYHHYHQWVDUHVXPPDUL]HGFKURQRORJLFDOLQ
)LJ

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Figure 10: Overview radiation-induced effects. Early biological events cause acute tissue effects, 
which are usually transient and normally resolve within 3 months of completing treatment. These 
events also result in more protracted biological effects that can manifest in tissues as late biological 
effects and secondary malignancies. Higher radiation dose per fraction seems to increase the severity 
of late adverse effects. dsDNA, double-stranded DNA; ECM, extracellular matrix; ROS, reactive 
oxygen species; RNS, reactive nitrogen species; ssDNA, single-stranded DNA; TGF-ɴ, transforming 
growth factor-ɴ; TH, T helper cell. Adapted from Barker H et al. 2015.60
76
 3.2.3  Effect on distant tissues 
3.2.3.1 Abscopal effect/out of the radiation-field 
/RFDOLUUDGLDWLRQRISULPDU\WXPRUFDQFDXVHUHJUHVVLRQRIPHWDVWDWLFOHVLRQVWKDWDUH
QRW HYHQ LQ WKH LUUDGLDWHG ILHOG 7KLV SKHQRPHQRQ LV FDOOHG ّDEVFRSDO HIIHFWْ
,QGXFWLRQRI HQGRJHQRXVDQWLWXPRUDGDSWLYHDQG LQQDWH LPPXQLW\ LVDQ LPSRUWDQW
SOD\HU LQ WKLV HIIHFW 'LYHUVH FRQWULEXWLQJ PHFKDQLVPV DUH NQRZQ VXFK DV
WUDIILFNLQJ RI O\PSKRF\WHV LQWR 70( DQG WRZDUG PHWDVWDWLF OHVLRQV 5DGLDWLRQ
VWLPXODWHVDQWLWXPRU7FHOOEDVHG LPPXQLW\E\ LQFUHDVLQJWKHQXPEHURIDFWLYDWHG
&' 7 FHOOV LQ 70( &;&5 &' 7 FHOOV DUH DWWUDFWHG WR UDGLDWLRQLQGXFHG
&;&/XSUHJXODWLRQLQ7EUHDVWFDQFHUFHOOV
)XUWKHUPRUHWKHV\VWHPLFHIIHFWRIWKHVWUHVVUHVSRQVHWRLRQL]LQJUDGLDWLRQLHWKH
UHOHDVHRI F\WRNLQHV FRQWULEXWH WR WKHDEVFRSDO HIIHFW7KHDEVFRSDO HIIHFW LVGRVH
GHSHQGHQW ZLWK D NH\ UROH IRU S DQG LWV GRZQVWUHDP SDWKZD\V 5DGLDWLRQ
DFWLYDWHGSUHVXOWVLQWKHSURGXFWLRQRIJURZWKLQKLELWRUVWKDWFRXOGFRQWULEXWHWR
WKHDEVFRSDOHIIHFW
1RWRQO\PHWDVWDVLVLQKLELWLQJHIIHFWVDUHVHHQDEVFRSDOHIIHFWVDOVRLQFOXGHLQGXFWLRQ
RIJHQRPLF LQVWDELOLW\FHOOGHDWKDQGRQFRJHQLFWUDQVIRUPDWLRQ LQQRUPDO WLVVXHV
&DPSKDXVHQ HW DO UHSRUWHG WKH DFFHOHUDWLRQ RI PHWDVWDWLF JURZWK LQ
LPPXQRFRPSHWHQWPLFH DIWHU LUUDGLDWLRQRI WKHSULPDU\ WXPRU5HJUHVVLRQ LQXULQH
003OHYHOVZDVFRQVLVWHQWZLWKWKHUHJUHVVLRQRIWKHSULPDU\WXPRUDVZHOOZLWK
WKH GHFUHDVHG SURGXFWLRQ RI DQJLRVWDWLQ 7KH\ FRQFOXGH WKDW HUDGLFDWLRQ RI WKH
SULPDU\WXPRUUHVXOWVLQWKHJURZWKRISUHYLRXVO\GRUPDQWOXQJPHWDVWDVHVEHFDXVH
RI WKH GHFUHDVH LQ V\VWHPLF DQJLRVWDWLQ OHYHOV 5DGLDWLRQ LQFUHDVHG 7*)̞ VHUXP
OHYHOV LQ DPHWDVWDWLF EUHDVW FDQFHU WUDQVJHQLFPRXVHPRGHO UHVXOWLQJ LQ LQFUHDVHG
JURZWKRIGLVWDQWPHWDVWDVLV
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 7KH DEVFRSDO HIIHFW LV DFFRPSDQLHG E\ ZDYHV RI PDFURSKDJH DFWLYDWLRQ DQG
SURGXFWLRQ RI F\WRNLQHV :KHQ WLVVXHV DUH GDPDJHG E\ UDGLDWLRQ LQIODPPDWRU\
PRQRF\WHVDUHUHFUXLWHGDQGGLIIHUHQWLDWHLQWRPDFURSKDJHVZKLFKZLOOPLJUDWHWRWKH
GDPDJHG WLVVXH 7KHVH DFWLYDWHG PDFURSKDJHV SURGXFH LQIODPPDWRU\ F\WRNLQHV
LQFOXGLQJ ,/̝ ,/̞ ,/ 71)̝ DQG 7*)̞ ODVWLQJ XS WR ZHHNV DIWHU
LUUDGLDWLRQ,QIODPPDWLRQJHQHUDWHGR[LGDWLYHVWUHVVOHDGVWRIRUPDWLRQRIUHDFWLYH
PROHFXODUVSHFLHVWKDWFDQGDPDJH'1$OHDGWRPXWDJHQHVLVDQGFDQFHULQGLVWDQW
WLVVXHV
7KLVVKRZVWKDWORFDO LUUDGLDWLRQQRWRQO\OHDGVWR70(UHVSRQVHVEXWDOVRWULJJHUV
WLVVXHUHVSRQVHVWKDWKDYHV\VWHPLFHIIHFWVRQWXPRUPHWDVWDVLVIRUPDWLRQGHSHQGHQW
RQUDGLDWLRQGRVHVIUDFWLRQDWLRQDQGWLVVXHW\SH7KHNLQGRIVLJQDOVJHQHUDWHG
E\ LUUDGLDWHG DQG QRQLUUDGLDWHG FHOOV DV ZHOO DV WKH DFWLYDWLRQ RI GLIIHUHQW LQQDWH
LPPXQH FHOOV LQIOXHQFHV UDGLDWLRQLQGXFHG LPPXQHPRGXODWLQJ HIIHFWV 7KH
DEVFRSDOHIIHFWLVH[WUHPHO\UDUHLQSDWLHQWVEXWLQFRPELQDWLRQZLWKLPPXQRWKHUDS\
WKHSRVLWLYHHIIHFWDQWLPHWDVWDWLFHIIHFWVFDQEHHQKDQFHG
3.2.3.2 Direct collateral damage 
'HVSLWHYHU\DFFXUDWHUDGLDWLRQWHFKQLTXHVKHDOWK\GLVWDQWWLVVXHVWLOOJHWVLUUDGLDWHG
7KLVKDSSHQVWKURXJKLQWHUQDOVFDWWHUOHDNDJHRIFROOLPDWHGVRXUFHVDQGVFDWWHULQJDW
EHDPFROOLPDWRURUILOWHUVRUMXVWEHFDXVHWKHKHDOWK\WLVVXHLVLQHYLWDEO\ORFDWHGLQ
WKHLUUDGLDWLRQILHOG
7KHVDPHHYHQWVDVGHVFULEHGLQORFDOHIIHFWVKDSSHQDWQRQWDUJHWHGVLWHVGLUHFWDQG
LQGLUHFW '1$ GDPDJH HIIHFWV FHOO GHDWK F\WRNLQH VWRUPV DQG LQIODPPDWLRQ DOO
OHDGLQJ WR KHDOLQJ WLVVXH RU G\LQJ WLVVXH UHVXOWLQJ LQWR ILEURVLV IRUPDWLRQ 1RUPDO
KHDOWK\WLVVXHVZKLFKUHFHLYHFOLQLFDOO\UHOHYDQWGRVHUDGLDWLRQZLOOUHJHQHUDWHHDUO\
DQG DOPRVW FRPSOHWHO\ %HUJQHU DQG FROOHDJXHV PLPLFNHG WKH OXQJ VLWXDWLRQ E\
LUUDGLDWLRQRIFHOOFXOWXUHPRQROD\HUODERUDWRU\KXPDQRUJDQFXOWXUHDQG*RHWWLQJHU
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 PLQLSLJ DVVD\ 7KH\ FRQFOXGHG WKDW OXQJ HSLWKHOLDO FHOOV KDYH D UHPDUNDEO\ KLJK
UDGLRUHVLVWDQFH
5DGLDWLRQGDPDJHWRQRUPDO WLVVXHFDQEHFKURQRORJLFDOO\FDWHJRUL]HG LQ ,DFXWH
HDUO\HIIHFWV,,FRQVHTXHQWLDOHIIHFWVDQG,,,ODWHHIIHFWV7KHDFXWHHIIHFWVDUH
REVHUYHG GXULQJ WUHDWPHQW RU VKRUWO\ DIWHU WUHDWPHQW 7KH\ DIIHFW PRVWO\ IDVW
SUROLIHUDWLQJWLVVXHVOLNHVNLQDQGPXFRVD,WDOVRDIIHFWVWKHVWHPFHOOFRPSDUWPHQW
ZKLFK FDXVHV ORVV RI QRUPDO WLVVXH WXUQRYHU &RQVHTXHQWLDO HIIHFWV DSSHDU DIWHU
SHUVLVWHQWDFXWHGDPDJHDQGZKHQDFXWHUHDFWLRQVIDLOWRKHDO/DWHHIIHFWVDSSHDU
PRQWKV\HDUV DIWHU UDGLDWLRQ H[SRVXUH DQG WHQG WR RFFXU LQ WLVVXHV ZLWK VORZ
WXUQRYHU UDWH 7KH\ PDQLIHVW DV ILEURVLV QHFURVLV DWURSK\ YDVFXODU GDPDJH DQG
WXPRU IRUPDWLRQ/DWH UDGLDWLRQHIIHFWFRXOG OHDGWR LPSDLUHGQRUPDO IXQFWLRQRI
WKHKHDOWK\WLVVXH
/LNHLQEUHDVWFDQFHUIRUH[DPSOHDPHDQOXQJGRVHRI!*\RULUUDGLDWHGOXQJ
YROXPH RI !  OXQJ H[SRVHG WR  *\ UHVXOWV LQ VWHHSO\ ULVLQJ SUREDELOLW\ RI
SQHXPRQLWLVIRUPDWLRQDQGUHGXFWLRQRIOXQJIXQFWLRQ3QHXPRQLWLVLVDOXQJَV
UHVSRQVHWRUDGLDWLRQGDPDJHDSSHDULQJZHHNVDIWHUUDGLDWLRQ7KLVHDUO\SKDVH
LV FKDUDFWHUL]HG E\ HSLWKHOLDO FHOO ORVV PLFURYDVFXODU SHUPHDELOLW\ DQG LQFUHDVHG
H[SUHVVLRQ RI LQIODPPDWRU\ F\WRNLQHV /DERUDWRU\ DQLPDO VWXGLHV VKRZHG WKDW
UDGLDWLRQ LQGXFHV D ELSKDVLF SURLQIODPPDWRU\ F\WRNLQH H[SUHVVLRQ 7KH LQLWLDO
UDGLDWLRQ UHVSRQVH RFFXUUHG ZLWKLQ KRXUV IROORZHG E\ D VHFRQG PRUH SHUVLVWHQW
VHFUHWLRQ RI SURLQIODPPDWRU\ F\WRNLQHV FDXVLQJ KLVWRSDWKRORJLF DOWHUDWLRQV7KLV
UHFUXLWVLQIODPPDWRU\FHOOVQRWRQO\WRWKHLUUDGLDWHGSDUWRIWKHOXQJZKLFKLQWXUQ
ZLOO SURGXFH 526 DQG PRUH F\WRNLQHV /DERUDWRU\ DQLPDO VWXGLHV UHYHDOHG DQ
LPSRUWDQWUROHRU71)̝LQWKHLQGXFWLRQRISRVWUDGLDWLRQOXQJLQIODPPDWLRQ$OVR
HDUO\UDGLDWLRQLQGXFHGFKDQJHVLQ,/SODVPDOHYHOVZHUHVHHQLQQRQVPDOOFHOOOXQJ
FDQFHU SDWLHQWV:KHQ WKLV LQIODPPDWLRQ EHFRPHV FKURQLF ILEURVLV DQG YDVFXODU
VFOHURVLV ZLOO DSSHDU DIWHU PRQWKV WR \HDUV  ,QFLGHQWDO H[SRVXUH RI WKH
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FDUGLRSXOPRQDU\UHJLRQWRUDGLDWLRQDOVRLQFUHDVHVWKHUDWHRILVFKHPLFKHDUWGLVHDVH
DQGVHFRQGDU\OXQJFDQFHU2QHRIWKHLPSRUWDQWSURILEURWLFF\WRNLQHVLQWKLV
SURFHVVLV7*)̞LWKDVDFHQWUDOUROHLQILEUREODVWDFWLYDWLRQDQGLPPXQHUHVSRQVH
PRGXODWLRQ(OHYDWHG7*)̞SODVPDOHYHOVZHUHREVHUYHGDIWHUOXQJLUUDGLDWLRQ
EXW FRXOG QRW EH XVHG DV D UHOLDEOH DQG YDOLGDWHG SUHGLFWLYH DVVD\ 0RUH
SURVSHFWLYHVWXGLHVDUHUHTXLUHG
6HFRQGDU\PDOLJQDQFLHVDUHRIVRPHFRQFHUQLQDSDWLHQWSRSXODWLRQZLWKDORQJOLIH
H[SHFWDQF\ $V GHVFULEHG E\ %DUFHOORV+RII HW DO WKH FDUFLQRJHQLF DFWLRQ RI
UDGLDWLRQH[SRVXUHRQQRUPDOKHDOWK\WLVVXH LV FDXVHGE\WZRFRH[LVWLQJ HYHQWV ,
UDGLDWLRQ FDXVHV'1$GDPDJH DQG DOWHUV JHQRPLF VHTXHQFHV LQ DZD\ WKDW QRUPDO
FHOOV WUDQVIRUP WR PDOLJQDQW FHOOV RU ,, UDGLDWLRQ LQGXFHV VLJQDOV WKDW DOWHU
PXOWLFHOOXODU LQWHUDFWLRQV DQG SKHQRW\SHV ZKLFK WULJJHU PDOLJQDQW FHOO IRUPDWLRQ
+HDOWK\WLVVXHLVOHVVUDGLRVHQVLWLYHWKDQWXPRUWLVVXHDQGLQYHVWLJDWRUVVKRZHGWKDW
WKHUHLVDQLPSRUWDQWUROHIRUJHQHWLFVXVFHSWLELOLW\LQWKHULVNRIFDUFLQRJHQHVLVDIWHU
UDGLDWLRQ H[SRVXUH  7KH SDWKRSK\VLRORJLFDO DQG IXQFWLRQDO H[SUHVVLRQ RI
UDGLDWLRQLQGXFHGGDPDJHGHSHQGVRQWKHWLVVXHW\SHDQGLWVUDGLRVHQVLWLYLW\DQGLVD
VWRFKDVWLFHIIHFW WKDWGHSHQGVRQUDGLDWLRQGRVHUDWH WRWDOGRVHGRVH IUDFWLRQVDQG
TXDOLW\RIUDGLDWLRQKLJKRUORZ/(7
'LUHFWFROODWHUDOGDPDJHRQGLVWDQWWLVVXHV OHDGVWRDFWLYDWLRQRISDWKZD\VWKDWQRW
RQO\ VWLPXODWH ZRXQG KHDOLQJ ILEURVLV RU VHFRQGDU\ PDOLJQDQFLHV EXW DOVR FRXOG
VWLPXODWH PHWDVWDVLV IRUPDWLRQ RI WKH SULPDU\ WXPRU $OWKRXJK PHFKDQLVPV
FRQWULEXWLQJ WR WKLV HIIHFW DUH QRW FOHDU XSUHJXODWLRQ RI F\WRNLQHV ELRDFWLYH OLSLGV
DQGRWKHUJURZWKIDFWRUVFRQWULEXWLQJWRWKLVHIIHFWDUHFXUUHQWO\ZLGHO\GLVFXVVHG
 &\WRNLQHV VHFUHWHG LQ WKH LQLWLDO LUUDGLDWLRQ UHVSRQVH FRXOG FRQWULEXWH WR WKLV
PHWDVWDWLF SURFHVV ,Q WKLV WKHVLV ZH ZLOO GLVFXVV D SRWHQWLDO PHFKDQLVP WKDW
VWLPXODWHVPHWDVWDVLVIRUPDWLRQDIWHUUDGLDWLRQH[SRVXUH

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 5HFHQW VWXGLHV VKRZ WKDW UDGLDWLRQ WUHDWPHQW RI FDQFHU LQKLELWV SULPDU\ WXPRU
JURZWK EXW KDV GLVWXUELQJ VLGH HIIHFWV ZKLFK FDQ FRQWULEXWH WR LQYDVLRQ DQG
PHWDVWDVLVRIWKHWXPRU7KHPDMRULW\RIUHVHDUFKHUVXVHLQYLYRPRGHOVWRVWXG\
WKH HIIHFW RI UDGLDWLRQ RI WKH SULPDU\ WXPRU RU WXPRUPLFURHQYLURQPHQW RQ WXPRU
SURJUHVVLRQ$SRLQWRIGLVFXVVLRQFRQFHUQLQJWKHVHPRGHOVLVWKDWHLWKHUFDQFHURU
VWURPDOFHOOVZHUHLUUDGLDWHGLQFXOWXUHFRQGLWLRQVDQGVXEVHTXHQWO\LQMHFWHGLQWR
WKH DQLPDO$YDLODEOH LQ YLYRPRGHOV WKDW VKRXOGPLPLF UDGLRWKHUDSHXWLF VWUDWHJLHV
XVHGLQEUHDVWFDQFHUSDWLHQWVGRQRWUHSUHVHQWWKHSDWLHQWWXPRUSRVLWLRQ,QWKHVH
VWXGLHVWKH\LUUDGLDWHVXEFXWDQHRXVORFDWHGSULPDU\WXPRUVWXPRUVLQWKHIRXUWK
PDPPDU\IDWSDGRUWXPRUVDWWKHGRUVDOVLWHRIWKHPRXVH7KHVHPRGHOVDUH
QRW VXLWDEOH WR VWXG\ WKH HIIHFW RI radiation-induced collateral damage WR GLVWDQW
WLVVXHV 7KHUH DUH LQ YLYR VWXGLHV DERXW WKH HIIHFWV RI KHDOWK\ WLVVXH UDGLDWLRQ DQG
metastasis IRUPDWLRQ EXW WKH FRQWURYHUV\ DERXW WKHVH PRGHOV LV WKH XVH RI ZKROH
ERG\LUUDGLDWLRQRUSDUWLDOLUUDGLDWLRQE\VKLHOGLQJRIWKHQRQLUUDGLDWHGSDUWV
7KHUHIRUH RXU ILUVW DLP LV WR GHYHORS DQ in vivo model ZLWK DFFXUDWH DQG SUHFLVH
LUUDGLDWLRQRIWLVVXHVZKLFKDUHSRWHQWLDOO\LPSOLFDWHGLQUDGLDWLRQLQGXFHGFROODWHUDO
GDPDJHRIEUHDVWFDQFHUSURJUHVVLRQ

&RQIRUP WKH 5 SULQFLSOH RI DQLPDO ZHOIDUH ZH DLP WR SHUIRUP ORQJLWXGLQDO
PRQLWRULQJ LQWKHVDPHPRXVHDQGWKHUHIRUHZHPDNHXVHRIELROXPLQHVFHQWFDQFHU
FHOOV &RQIOLFWLQJ VWXGLHV H[LVW DERXW WKH HIIHFW RI OXFLIHUDVH WUDQVIHFWLRQ DQG LWV
IXQFWLRQ RQ FDQFHU FHOO EHKDYLRXU 2XU VHFRQG DLP LV WR GHWHUPLQH PLQLPDO
TXDQWLWDWLYH DQG IXQFWLRQDO UHTXLUHPHQWV IRU ELROXPLQHVFHQW LQ YLWUR DQG LQ YLYR
WHFKQLTXHV EHIRUH LPSOHPHQWDWLRQ LQ D FDQFHU PRGHO 2SWLPL]DWLRQ RI DQLPDO
KDQGOLQJRQWKHsmall animal radiation research platform (SARRP) LVQHFHVVDU\

:LWKWKLVLQYLYRPRGHOZHZDQWWRVWXG\ZKHWKHUWKHUHLVDQHIIHFWRIUDGLRWKHUDS\
LQGXFHGFROODWHUDOWLVVXHGDPDJHRQPHWDVWDVLVIRUPDWLRQDQGLIVRRXUWKLUGDLPLV
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WR LGHQWLI\ pathways WKDW GULYH WKHVH HIIHFWV 7KHUHIRUH DSSURSULDWH LQ YLWUR
VLPXODWLRQ LV ZDUUDQWHG 6WXGLHV RI FDQFHU FHOO OLQHV H[SRVHG WR LUUDGLDWHG OXQJ
HSLWKHOLDOFHOOVRUVXSHUQDWDQWRIWKHVHFHOOVDOORZXVWRVWXG\WKH indirect effectsRI
UDGLDWLRQRQPHWDVWDVLVDVVRFLDWHGFHOOXODUDFWLYLWLHV

2XUXOWLPDWHDLPLVWRILQGPROHFXODUSDWKZD\VWKDWGULYHWKHPHWDVWDVLVDVVRFLDWHG
FRQVHTXHQFHVRIUDGLDWLRQLQGXFHGFROODWHUDOGDPDJH

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 3DUN--DQJ6.DQJ6HWDO(VWDEOLVKPHQWRIDQLPDOPRGHOIRUWKHDQDO\VLVRIFDQFHUFHOO
PHWDVWDVLVGXULQJUDGLRWKHUDS\5DGLDW2QFRO
 .XRQHQ)/DXUHQW-6HFRQGLQL&HWDO,QKLELWLRQRIWKH.LWOLJDQGF.LWD[LVDWWHQXDWHV
PHWDVWDVLV LQ DPRXVHPRGHOPLPLFNLQJ ORFDO EUHDVW FDQFHU UHODSVH DIWHU UDGLRWKHUDS\&OLQ&DQFHU
5HV
 9DOD 6,0DUWLQV / ,PDL]XPL1 HW DO /RZ GRVHV RI LRQL]LQJ UDGLDWLRQ SURPRWH WXPRU
JURZWKDQGPHWDVWDVLVE\HQKDQFLQJDQJLRJHQHVLV3/R62QHH
  0RQQLHU < )DUPHU 3 %LHOHU * HW DO &<5 DQG DOSKD9EHWD LQWHJULQ FRRSHUDWH WR
SURPRWH LQYDVLRQ DQG PHWDVWDVLV RI WXPRUV JURZLQJ LQ SUHLUUDGLDWHG VWURPD &DQFHU 5HV 

  +DPDOXNLF 0 +XHOVHQEHFN - 6FKDG $ HW DO 5DFUHJXODWHG HQGRWKHOLDO UDGLDWLRQ
UHVSRQVH VWLPXODWHV H[WUDYDVDWLRQ DQG PHWDVWDVLV WKDW FDQ EH EORFNHG E\ +0*&R$ UHGXFWDVH
LQKLELWRUV3/R62QHH
 .DOLVNL$0DJJLRUHOOD/&HQJHO.$HWDO$QJLRJHQHVLVDQGWXPRUJURZWKLQKLELWLRQE\D
PDWUL[ PHWDOORSURWHLQDVH LQKLELWRU WDUJHWLQJ UDGLDWLRQLQGXFHG LQYDVLRQ 0RO &DQFHU 7KHU 


92

  
A
R
T 
II 
 
P 
Chapter 5 Quantitative and functional 
requirements for 
bioluminescent cancer models 
Chapter 6 Radiation-induced lung 
damage promotes breast 
cancer lung-metastasis 
through CXCR4 signalling
Original Research 

 Chapter 
 5 
Quantitative and functional requirements 
for bioluminescent cancer models. 
In Vivo 2016; 30(1):1-11 
5 5 
Lynn Feys 
Benedicte Descamps 
Christian Vanhove  
Stefan Vermeulen 
Jo Vandesompele 
Katrien Vanderheyden 
Kathy Messens 
Marc Bracke 
Olivier De Wever 

 5.1  Abstract 
Background 
%LROXPLQHVFHQW FDQFHU PRGHOV DUH ZLGHO\ XVHG EXW GHWDLOHG TXDQWLILFDWLRQ RI WKH
OXFLIHUDVHVLJQDODQGIXQFWLRQDOFRPSDULVRQZLWKQRQWUDQVIHFWHGFRQWUROFHOOOLQHVDUH
JHQHUDOO\ ODFNLQJ ,Q WKLV VWXG\ ZH SURYLGH TXDQWLWDWLYH DQG IXQFWLRQDO WHVWV IRU
OXFLIHUDVHWUDQVIHFWHGFHOOV
Materials and Methods 
:HTXDQWLILHG WKH OXFLIHUDVH H[SUHVVLRQ LQ%/0 DQG+&7( WUDQVIHFWHG FDQFHU
FHOOV DQG H[DPLQHG WKH HIIHFW RI ORQJWHUP OXFLIHULQ H[SRVXUH:HDOVR LQYHVWLJDWHG
IXQFWLRQDOGLIIHUHQFHVEHWZHHQSDUHQWDODQGWUDQVIHFWHGFDQFHUFHOOV
Results 
2XUUHVXOWVVKRZHGWKDWTXDQWLILFDWLRQRIGLIIHUHQWVLQJOHFHOOGHULYHGSRSXODWLRQVDUH
VXSHULRUZLWKGURSOHWGLJLWDO SRO\PHUDVH FKDLQ UHDFWLRQ4XDQWLILFDWLRQ RI OXFLIHUDVH
SURWHLQ OHYHO DQG OXFLIHUDVH ELROXPLQHVFHQW DFWLYLW\ LV RQO\ XVHIXO ZKHQ WKHUH LV D
VLJQLILFDQW GLIIHUHQFH LQ FRS\ QXPEHUV &RQWLQXRXV H[SRVXUH RI FHOO FXOWXUHV WR
OXFLIHULQ OHDGV WR LQKLELWRU\ HIIHFWV RQ PLWRFKRQGULDO DFWLYLW\ FHOO JURZWK DQG
ELROXPLQHVFHQFH7KHVHLQKLELWRU\HIIHFWVFRUUHODWHZLWKOXFLIHUDVHFRS\QXPEHU&HOO
FXOWXUH DQG PRXVH [HQRJUDIW DVVD\V VKRZHG QR VLJQLILFDQW IXQFWLRQDO GLIIHUHQFHV
EHWZHHQOXFLIHUDVHWUDQVIHFWHGDQGSDUHQWDOFHOOV
Conclusions 
/XFLIHUDVHWUDQVIHFWHGFHOOVVKRXOGEHYDOLGDWHGE\TXDQWLWDWLYHDQGIXQFWLRQDODVVD\V
EHIRUHVWDUWLQJODUJHVFDOHH[SHULPHQWV
Keywords: %LROXPLQHVFHQFH%/0PRXVH[HQRJUDIWFDQFHUPRGHOLQYLYRLPDJLQJ  
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5.2 Introduction 
/XFLIHUDVH WUDQVIHFWHG FDQFHU FHOOV DUH ZLGHO\ XVHG LQ ELRPHGLFDO UHVHDUFK
DSSOLFDWLRQV%LROXPLQHVFHQFHKDVWKHDGYDQWDJHRIORQJLWXGLQDOPRQLWRULQJRIWXPRU
JURZWKPHWDVWDVLVIRUPDWLRQRUWKHUDSHXWLFUHVSRQVHV7KHXVHRIELROXPLQHVFHQFH
LQDQLPDOH[SHULPHQWVFDQVLJQLILFDQWO\UHGXFHWKHQXPEHURIDQLPDOVWKDWQHHGWREH
VDFULILFHG/XFLIHUDVHELROXPLQHVFHQFHLVEDVHGRQWKHR[LGDWLRQRIOXFLIHULQLQWKH
SUHVHQFHRIR[\JHQDGHQRVLQHWULSKRVSKDWH$73DQGPDJQHVLXPDQGUHVXOWVLQWKH
SURGXFWLRQRI&2LQRUJDQLFS\URSKRVSKDWH33LDGHQRVLQHPRQRSKRVSKDWH$03
DQG R[\OXFLIHULQ 2[\OXFLIHULQ LQ H[FLWHG VWDWH IDOOV EDFN WR LWV VWHDG\ VWDWH E\
HPLWWLQJ OLJKW 7KHHPLWWHG OLJKW FDQEHGHWHFWHGE\D VHQVLWLYH FKDUJHGFRXSOHG
GHYLFH&&'FDPHUD

'HVSLWH WKH JOREDO ELRPHGLFDO XVH RI OXFLIHUDVH WUDQVIHFWHG FHOO OLQHV WKHUH DUH
FRQIOLFWLQJ GDWD DERXW WKH HIIHFW RI WKH OXFLIHULQOXFLIHUDVH UHDFWLRQ RQ IXQFWLRQDO
FKDUDFWHULVWLFV RI WKH WUDQVIHFWHG FHOOV2QH JURXS RI UHVHDUFKHUV IRXQG WKDW D KLJK
H[SUHVVLRQ OHYHORI OXFLIHUDVHDOWHUVWKHWUDQVIHFWHGFHOOVFDXVLQJ LQKLELWLRQRIWXPRU
JURZWK 2WKHUV FODLP WKDW WKHUH DUH QR HIIHFWV RQ FHOO JURZWK PHWDEROLVP DQG
LPPXQRORJLFDOSURSHUWLHV

,QWKHSUHVHQWVWXG\ZHXVHGGLIIHUHQWPHWKRGVWRTXDQWLI\WKHDPRXQWRIOXFLIHUDVH
LQ WUDQVIHFWHG VLQJOHFHOOGHULYHG SRSXODWLRQV )XUWKHUPRUH D PLQLPDO UHTXLUHG
QXPEHURIIXQFWLRQDOWHVWVZHUHXVHGWRH[DPLQHWKHLPSDFWRIOXFLIHUDVHWUDQVIHFWLRQ
DQGOXFLIHULQDGGLWLRQWRFDQFHUFHOOV




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 5.3 Materials and Methods 
5.3.1 Cell lines  
7KH KXPDQ FRORQ FDQFHU FHOO OLQH +&7( DQG WKH %/0 PHODQRPD FHOO OLQH
$PHULFDQW\SHFXOWXUHFROOHFWLRQ$7&&0DQDVVDV9$86$ZHUHPDLQWDLQHGDV
GHVFULEHGHOVHZKHUH7KHDXWKHQWLFLW\RI$7&&FHOOOLQHVZDVFRQILUPHGE\VKRUW
WDQGHPUHSHDWSURILOLQJLQWKHODVWPRQWKVEHIRUHXVH
 
5.3.2 Transfection and selection of cells 
&DQFHUFHOOVZHUHWUDQVIHFWHGZLWKWKHS*/YHFWRU3URPHJD0DGLVRQ:,86$
FRQWDLQLQJWKHILUHIO\OXFLIHUDVHJHQHOXFDQGWKHDQWLELRWLFUHVLVWDQFHJHQH+\JUR
E\ XVLQJ )X*HQH 3URPHJD /XFLIHUDVHWUDQVIHFWHG FHOOV ZHUH FXOWXUHG LQ WKH
SUHVHQFHRIK\JURP\FLQ%wJPO/LIH7HFKQRORJLHV:DOWKDP0$86$7KH
VXUYLYLQJ FRORQLHV ZHUH VFUHHQHG IRU ELROXPLQHVFHQFH SRVLWLYLW\ E\ DGGLQJ FXOWXUH
PHGLXP VXSSOHPHQWHG ZLWK  wJPO 'OXFLIHULQ DQG XVLQJ WKH LQ YLYR LPDJLQJ
V\VWHP ,9,6 DV GHWHFWRU ;HQRJHQH $ODPHGH &$ 86$ ,Q D VHFRQG VHOHFWLRQ
URXQGELROXPLQHVFHQWDQGDQWLELRWLFUHVLVWDQWFORQHVZHUHVHHGHGLQDGLOXWLRQRIRQH
FHOOZHOO LQ D FHOO FXOWXUH ZHOOSODWH XQGHU FRQWLQXRXV K\JURP\FLQ VHOHFWLRQ
'LIIHUHQW VLQJOHFHOOGHULYHG VXEFORQHG SRSXODWLRQV ZHUH VHOHFWHG DQG QDPHG
%/0BOXF6&3DQGDQGD+&7(BOXF6&3DQG

5.3.3 Antibodies and reagents 
$QWLERGLHVXVHGZHUHJRDWSRO\FORQDODQWLOXFLIHUDVH *$3URPHJDDQG
PRXVH PRQRFORQDO DQWL̝WXEXOLQ 7  6LJPD$OGULFK 6W/RXLV 02
86$'/XFLIHULQSRWDVVLXPVDOW 3HUNLQ(OPHU:DOWKDP0$86$ZDVXVHG LQ
ELROXPLQHVFHQW LPDJLQJ %/, PHDVXUHPHQWV DQG 2QH*OR 3URPHJD ZDV XVHG IRU
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 UHODWLYH OXPLQHVFHQFHXQLW 5/8PHDVXUHPHQWV+\JURP\FLQ% /LIH7HFKQRORJLHV
DQWLELRWLFVZHUHXVHGWRVHOHFWOXFLIHUDVHSRVLWLYHVLQJOHFHOOGHULYHGSRSXODWLRQV
 
5.3.4 Short tandem repeat profiling 
'1$ZDV H[WUDFWHG E\ XVLQJ'1HDV\ EORRG DQG WLVVXH NLW 4LDJHQ9DOHQFLD &$
86$ 7KH 3RZHU3OH[p  6\VWHP 3URPHJD ZDV XVHG IRU KXPDQ LGHQWLILFDWLRQ
DSSOLFDWLRQVDFFRUGLQJWRWKHPDQXIDFWXUHUَVSURWRFRO

5.3.5 DNA extraction and restriction digest 
'1$ FRQFHQWUDWLRQ ZDV PHDVXUHG E\ VSHFWURSKRWRPHWULF PHDVXUHPHQW RQ DQ
8OWURVSHF 3OXV 6SHFWURSKRWRPHWHU 3KDUPDFLD /.% %LRWHFKQRORJ\ 8SSVDOD
6ZHGHQ(DFK'1$VDPSOHQJZDVGLJHVWHGZLWKXQLWVRI+DH,,,LQDWRWDO
YROXPHRI̨OIRUKDWr&7KHGLJHVWLRQUHDFWLRQPL[WXUHZDVGLOXWHGIROGWR
D ILQDO FRQFHQWUDWLRQ RI  QJwO 7ZRPLFUROLWHUV  QJ ZHUH DVVD\HG SHU  ̨O
GURSOHWGLJLWDOSRO\PHUDVHFKDLQUHDFWLRQGG3&5

5.3.6 Primer and probe design 
7KH *HQ%DQN VHTXHQFH (8 HQFRPSDVVLQJ WKH OXFLIHUDVH UHSRUWHU YHFWRU
S*/>OXF&09+\JUR@ZDVXVHG IRU WKHGHVLJQRI WKH OXFSULPHUV$SULPHU
%/$67ZDVUXQIURPWKHVWDUWFRGRQDWESXQWLOWKHHQGRIWKHFRGLQJUHJLRQRI
OXF QDPHO\ ES  ZZZQFELQOPQLKJRYWRROVSULPHUEODVW 7KH IROORZLQJ
SDUDPHWHUV ZHUH DGDSWHG 3&5 SURGXFW VL]H  ES 0D[ 7P GLIIHUHQFH r&
SULPHUOHQJWKPLQيRSWيPD[*&FODPS0D[*&LQSULPHUَHQG
3ULPHU*& FRQWHQW PLQ  ي RSW  يPD[ $OO SULPHUVZHUH DQDO\]HG LQ
VLOLFR XVLQJ ',1$0HOW IRU KRPR RU KHWHURGLPHU RU IRUPDWLRQ
XQDIROGUQDDOEDQ\HGX 7KH DPSOLFRQ ZDV WKHQ DQDO\]HG XVLQJ PIROG IRU
LQYHVWLJDWLQJVHFRQGDU\VWUXFWXUHV3ULPHUSDLUVZHUHVHOHFWHGZLWKWKHOHDVWKRPRRU
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 KHWHURGLPHU DQG VHFRQGDU\ VWUXFWXUHV 7KH UHVXOWLQJ OXF DVVD\ VHTXHQFHV ZHUH
IRUZDUG SULPHU ƍ&&&&*$&$&&*&7$7&&ƍ DQG UHYHUVH SULPHU ƍ
7*$*&$&*$&&&*$$$*&ƍ

5.3.7 ddPCR workflow 
7KH 3&5 UHDFWLRQ PL[WXUH UHVXOWHG IURP D  GG3&5 0DVWHUPL[ %LR5DG
+HUFXOHV&$86$SULPHUDQGSUREHVVROXWLRQILQDOFRQFHQWUDWLRQVRIDQG
 Q0 UHVSHFWLYHO\  wO WHPSODWH  QJwO DQGZDWHU YDULDEOH YROXPH LQ D
ILQDOYROXPHRI̨O(DFKGG3&5UHDFWLRQPL[WXUHZDVWKHQORDGHGLQWRWKHVDPSOH
ZHOORIDQHLJKWFKDQQHOGLVSRVDEOHGURSOHWJHQHUDWRUFDUWULGJH%LR5DG$YROXPH
RI  ̨O RI RLO FRQWDLQLQJ HPXOVLRQVWDELOL]LQJ ELRFRPSDWLEOH VXUIDFWDQWZDV ORDGHG
LQWR DGMDFHQW RLO ZHOOV DQG WKH PLFURIOXLGLF FKLS ZDV ORDGHG LQWR WKH GURSOHW
JHQHUDWRU7KHGURSOHW JHQHUDWRU VLPXOWDQHRXVO\SDUWLWLRQV WKH VDPSOH LQWRa
PRQRGLVSHUVHG GURSOHWV RI NQRZQ YROXPH $IWHU UHPRYLQJ WKH FDUWULGJH IURP WKH
GURSOHW JHQHUDWRU WKH GURSOHWV LQ WKH GURSOHW ZHOO ZHUH WKHQ WUDQVIHUUHG ZLWK D
PXOWLFKDQQHOSLSHWWHWRDZHOO3&5SODWHKHDWVHDOHGZLWKIRLODQGWKHQ'1$ZDV
DPSOLILHG WR HQGSRLQW XVLQJ D 7 7KHUPDO &\FOHU %LR5DG DQG WKH F\FOLQJ
SURWRFROr&IRUPLQWKHQF\FOHVRIr&IRUVDQGr&IRUPLQr&V
UDPSUDWHZLWKDILQDOVWHSDWr&IRUPLQXWHVDQGr&KROG3ODWHVFRQWDLQLQJ
DPSOLILHGGURSOHWVZHUHORDGHGLQWRD4;GURSOHWUHDGHU%LR5DGZKLFKVWUHDPV
GURSOHWV VLQJOHILOH a GURSOHWVV SDVW D WZRFRORXU )$0+(; GHWHFWRU
'LVFULPLQDWLRQ EHWZHHQ GURSOHWV WKDW GLG QRW FRQWDLQ WDUJHW QHJDWLYHV DQG WKRVH
WKDW GLG SRVLWLYHV ZDV DFKLHYHG E\ DSSO\LQJ D JOREDO IOXRUHVFHQFH DPSOLWXGH
WKUHVKROG7KHIOXRUHVFHQFHWKUHVKROGZDVVHWGHSHQGLQJRQWKHDVVD\%/0BOXFFRS\
QXPEHU DQDO\VLV KDG D WKUHVKROG RI  UHODWLYH IOXRUHVFHQFH XQLWV 5)8V DQG
+&7(BOXFFRS\QXPEHUDQDO\VLVKDGDWKUHVKROGRI5)8V&RQFHQWUDWLRQ
HVWLPDWHVZHUHEDVHGRQWKHIUDFWLRQRIGURSOHWVZKHUHDPSOLILFDWLRQLVPRGHOOHGDVD
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3RLVVRQ GLVWULEXWLRQ$QDO\VLV RI WKH GG3&5 GDWDZDV SHUIRUPHGZLWK4XDQWD6RIW
DQDO\VLV VRIWZDUH YHUVLRQ  %LR5DG 7KH H[SHULPHQW ZDV FDUULHG RXW LQ
WULSOLFDWHDQGDQDO\]HGGDWDZHUHDOVRPHUJHG
5.3.8 Luciferase reporter assay luminometer 
7RTXDQWLI\WKHUHODWLYHOXPLQHVFHQFHSHUFHOOOXFLIHUDVHWUDQVIHFWHGFDQFHUFHOOV
ZHUH VHHGHG LQ D EODFNFOHDU ERWWRP  FHOO FXOWXUH ZHOO SODWH  6L[ KRXUV DIWHU
VHHGLQJ ILUHIO\ OXFLIHUDVH DFWLYLW\ZDVPRQLWRUHG XVLQJ2QH*OR OXFLIHUDVH DVVD\ NLWV
3URPHJD DFFRUGLQJ WR WKH PDQXIDFWXUHU
V LQVWUXFWLRQV 9DOXHV DUH UHSRUWHG DV
UHODWLYHOXPLQHVFHQFHXQLWV5/8
5.3.9 Continuous/intermittent exposure assay 
7R WHVW WKH HIIHFW RI FRQWLQXRXV H[SRVXUH RI OXFLIHULQ RQ FHOO OLQHV ZLWK GLIIHUHQW
OXFLIHUDVH H[SUHVVLRQ  %/0BOXF 6&3  DQG  ZHUH VHHGHG LQ D EODFNFOHDU
ERWWRPZHOOFHOOFXOWXUHSODWH&HOOVZHUHH[SRVHGWRPHGLXPVXSSOHPHQWHGZLWK
OXFLIHULQGDLO\UHIUHVKPHQWLQWHUPLWWHQWH[SRVXUHYHUVXVQRWFRQWLQXRXVH[SRVXUH
/XPLQHVFHQFH VLJQDO PLWRFKRQGULDO DFWLYLW\ DQG WRWDO SURWHLQ FRQFHQWUDWLRQ ZHUH
FRPSDUHGDWGLIIHUHQWWLPHSRLQWV/XPLQHVFHQFHVLJQDOZDVPHDVXUHGXVLQJ2QH*OR
OXFLIHUDVHDVVD\NLW3URPHJD9DOXHVDUHUHSRUWHGDV5/8
5.3.10 Mouse strain and animal care 
$QLPDOVZHUH WUHDWHG DFFRUGLQJ WR WKH(XURSHDQ JXLGHOLQHV RQ DQLPDO H[SHULPHQWV
(8$QLPDO VWXGLHV ZHUH DSSURYHG E\ WKH$QLPDO (WKLFV &RPPLWWHH RI
*KHQW8QLYHUVLW\%HOJLXP(&'0LFHXVHGLQWKHVHVWXGLHVZHUHZHHNROG
IHPDOH 12'6&,' PLFH +DUODQ ,QGLDQDSROLV ,1 86$ 2QH PLOOLRQ %/0 DV D
FRQWURO RU %/0BOXF FHOOV VXVSHQGHG LQ  wO VHUXPIUHH FXOWXUH PHGLXP ZHUH
104
 VXEFXWDQHRXVO\LQMHFWHGDWWKHORZHUULJKWIODQN(DFKJURXSFRQVLVWHGRIWKUHHPLFH
,QYLYR LPDJHVZHUHPDGH HYHU\ZHHNDIWHU LQRFXODWLRQ7KHSULPDU\ WXPRUYROXPH
ZDV TXDQWLILHG ZHHNO\ DV E\ FDOLSHUPHDVXUHPHQWV RI WKH ORQJHVW DQG WKH VKRUWHVW
WXPRUGLDPHWHU9 ORQJHVWD[LVVKRUWHVWD[LV$IWHUGD\VPLFH
ZHUHVDFULILFHGDQGWXPRUDQGOXQJVZHUHUHVHFWHG
 
5.3.11 Bioluminescent imaging and quantification 
,QWRWDOOXFLIHUDVHWUDQVIHFWHGFDQFHUFHOOVZHUHVHHGHGLQDEODFNFOHDUERWWRP
ZHOO FHOO FXOWXUHZHOOSODWH 6L[KRXUVDIWHU VHHGLQJ ILUHIO\ OXFLIHUDVHDFWLYLW\ZDV
PRQLWRUHG %LROXPLQHVFHQW LPDJLQJ RI FDQFHU FHOOV SULPDU\ DQG PHWDVWDWLF WXPRU
JURZWKDQGH[YLYRLPDJLQJRIWKHOXQJVZDVSHUIRUPHGDVGHVFULEHGSUHYLRXVO\
 
5.3.12 Polyacrylamide gel electrophoresis and Western 
       blotting 
6DPSOHV RI SDUHQWDO DQG OXFWUDQVIHFWHG FDQFHU FHOOV IRU ZHVWHUQ EORW DQDO\VLV RI
OXFLIHUDVHH[SUHVVLRQZHUHSUHSDUHGWKHSURWHLQVZHUHVHSDUDWHGDQGLPPXQRVWDLQHG
DVGHVFULEHGE\+HQGUL[HWDO%DQGVZHUHTXDQWLILHGE\,PDJH-VRIWZDUH:D\QH
5DVEDQG %HWKHVGD 0' 86$ 3DUHQWDO FHOOV ZHUH XVHG DV QHJDWLYH FRQWURO D
FRPPHUFLDOOXFLIHUDVHSRVLWLYHFHOOOLQHZDVXVHGDSRVLWLYHUHIHUHQFHFRQWURO

5.3.13 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- 
       tetrazolium bromide (MTT) assay 
077 DVVD\ ZDV XVHG WR LQYHVWLJDWH PLWRFKRQGULDO DFWLYLW\ FKDQJHV LQ %/0 OXF
WUDQVIHFWHG FHOOV DIWHU FRQWLQXRXVLQWHUPLWWHQW OXFLIHULQ H[SRVXUH 7KH DVVD\ ZDV
SHUIRUPHGDVGHVFULEHGHOVHZKHUH'DWDDUHUHSRUWHGDVRSWLFDOGHQVLW\2'

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 5.3.14 Sulforhodamine B (SRB) assay 
65%DVVD\ZDVXVHGWRLQYHVWLJDWHFKDQJHVLQWRWDOSURWHLQLQ%/0OXFWUDQVIHFWHG
FHOOVDIWHUFRQWLQXRXVLQWHUPLWWHQWOXFLIHULQH[SRVXUHDVSUHYLRXVO\GHVFULEHG'DWD
DUHUHSRUWHGDV2'

5.3.15 Type I collagen invasion assay  
7RWHVWLQYDVLRQWKURXJKH[WUDFHOOXODUPDWUL[WKHFROODJHQW\SH,LQYDVLRQDVVD\ZDV
XVHG7KHDVVD\ZDVSHUIRUPHGDFFRUGLQJWR'H:HYHUHWDO%ULHIO\%/0
%/0BOXF +&7( DQG +&7(BOXF FHOOV ZHUH VHHGHG DV D VLQJOHFHOO
VXVSHQVLRQRQW\SH,FROODJHQJHO6DQWD&UX]%LRWHFKQRORJ\'DOODV7;86$
$IWHUKLQFXEDWLRQDWr&DQG&2LQYDVLYHQHVVZDVVFRUHG

5.3.16 Statistical analysis 
6WDWLVWLFDO DQDO\VLV ZDV SHUIRUPHG XVLQJ *UDSK3DG 3ULVP DQG FRQILUPHG E\ ,%0
6366 6WDWLVWLFV  VRIWZDUH 'َ$JRVWLQR3HDUVRQ ZDV XVHG IRU WHVWLQJ QRUPDO
GLVWULEXWLRQ1RUPDOGLVWULEXWHGGDWDZHUHDQDO\]HGXVLQJXQSDLUHG WWHVW DGMXVWHG
ZLWK:HOFKَVFRUUHFWLRQZKHQYDULDQFHZDVVWDWLVWLFDOO\GLIIHUHQW$OOQRQSDUDPHWULF
GDWDZHUHDQDO\]HGXVLQJ0DQQ:KLWQH\8WHVW$OOYDOXHVDUHH[SUHVVHGDVWKHPHDQ
s6'3YDOXHRIZDVFRQVLGHUHGVWDWLVWLFDOO\VLJQLILFDQW6WDWLVWLFDOWHVWVZHUH
WZRVLGHG$OOGDWDDUHUHSUHVHQWDWLYHRIDWOHDVWWKUHHLQGHSHQGHQWH[SHULPHQWV







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 5.4 Results 
5.4.1 Luciferase transfection has no effect on cell specific 
       short tandem repeats (STR). 
7RYHULI\WKDWOXFLIHUDVHWUDQVIHFWLRQGLGQRWFKDQJHWKHVWDELOLW\RIWKHILQJHUSULQWLQJ
SURILOHVRIWKHSDUHQWDOFDQFHUFHOOV675DQDO\VLVZDVSHUIRUPHG675SURILOHVZHUH
LQ OLQH ZLWK DEVHQFH RI GLIIHUHQFHV EHWZHHQ WKH WUDQVIHFWHG FDQFHU FHOOV DQG WKH
SDUHQWDOFDQFHUFHOOV)LJ

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Figure 1. Short tandem repeat (STR) sequence comparison between parental and luc2-transfected 
BLM and HCT8/E11. A. Comparison between BLM and BLM_luc cell line shows no difference in SRT 
sequence. B. Comparison between HCT8/E11 and HCT8/E11_luc cell line shows no difference in SRT 
sequence. 

5.4.2 Droplet digital polymerase chain reaction (ddPCR) 
       surpasses all other quantification techniques.  
/XFLIHUDVHFRS\QXPEHUVSURWHLQOHYHOVDQGDFWLYLWLHVZHUHDVVHVVHGEHWZHHQGLIIHUHQW
6&3VE\GLIIHUHQWTXDQWLILFDWLRQWHFKQLTXHVGG3&5SURYLGHGDEVROXWHTXDQWLILFDWLRQ
RI WKH OXF'1$PROHFXOHV$QDO\VLV RI WKH WUDQVIHFWHG%/0BOXF6&3V UHYHDOHGD
VLJQLILFDQWGLIIHUHQFHLQFRS\QXPEHURIOXFEHWZHHQ6&3DQG6&3DQG6&3
DQG 6&3  S )LJ $ $QDO\VLV RI WUDQVIHFWHG +&7(BOXF 6&3V
UHYHDOHG QR VLJQLILFDQW GLIIHUHQFH LQ FRS\ QXPEHUV RI OXF )LJ $ /XFLIHUDVH
SURWHLQTXDQWLILFDWLRQZDVDFKLHYHGE\ZHVWHUQEORW4XDQWLILFDWLRQVKRZHGQRFOHDU
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 GLIIHUHQFHV LQ UHODWLYHSURWHLQ H[SUHVVLRQEHWZHHQGLIIHUHQW6&3V )LJ %DQG%
5HVXOWVVKRZHGWKDW%/0BOXF6&3ZLWKWKH ORZHVWFRS\QXPEHUDOVRKDGWKH
ORZHVWSURWHLQH[SUHVVLRQEXWQRVLJQLILFDQWGLIIHUHQFHZDVVHHQZLWK%/0BOXFKLJK
FRS\QXPEHU FORQHV )RU %/0BOXF 6&3  DQG  FRS\ QXPEHUV ZHUH VOLJKWO\
GLIIHUHQW WKH SURWHLQ H[SUHVVLRQ KDG WKH VDPH WUHQG )LJ % :H XVHG WZR
WHFKQLTXHVWRPHDVXUHWKHELROXPLQHVFHQWLQWHQVLW\%/,7KHILUVWZDVPHDVXUHGRQ
D FHOOXODU O\VDWH IROORZHG E\ WKH DGGLWLRQ RI OXFLIHUDVH VXEVWUDWH 4XDQWLILFDWLRQ RI
%/,VKRZHGRQO\VLJQLILFDQWGLIIHUHQFHLQ5/8FHOOEHWZHHQ%/0BOXF6&3DQG
SDQGEHWZHHQ%/0BOXF6&3DQG S )LJ&7KH VHFRQG
WHFKQLTXHWRTXDQWLI\ELROXPLQHVFHQWVLJQDOVZDVE\DGGLWLRQRIOXFLIHULQWRWKHOLYLQJ
FDQFHUFHOOVDQGGHWHFWLRQRI%/,E\D&&'FDPHUD4XDQWLILFDWLRQRIWKHVHUHVXOWV
DOVR UHYHDOHG D VLJQLILFDQW GLIIHUHQFH LQ%/, EHWZHHQ %/0BOXF 6&3 DQG  DQG
EHWZHHQ%/0BOXF6&3DQGEXW,9,6PHDVXUHPHQWVUHYHDOHGWKDW%/0BOXF
6&3KDGPRUH%/,WKDQ%/0BOXF6&3GHVSLWHKDYLQJD ORZHUFRS\QXPEHU
1R VLJQDO ZDV VHHQ LQ SDUHQWDO %/0 FHOOV )LJ ' 6HULDO GLOXWLRQ RI GLIIHUHQW
%/0BOXF6&3َVUHYHDOHGWKDWDKLJKHUOXFFRS\QXPEHUQRWRQO\UHVXOWHGLQKLJKHU
%/,EXWDOVRGHWHFWLRQRIORZHUFHOOQXPEHUV$VH[SHFWHGQRVLJQDOZDVREVHUYHGLQ
SDUHQWDO%/0FHOOV )LJ( ,Q+&7(WUDQVIHFWHGFHOOVQRFRUUHODWLRQ LV VHHQ
EHWZHHQLQFUHDVHGFRS\QXPEHUDQGLQFUHDVHGELROXPLQHVFHQWVLJQDO)LJ
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 Figure 2: Droplet digital polymerase chain reaction (ddPCR) surpasses all other quantification 
techniques in a distinctive character of luc2 quantification. A. Bar charts illustrating copy number 
quantification by ddPCR of luc2-transfected BLM cells (SCP 1, 15 and 16) and parental cells as 
negative control (-). B. Bar charts illustrating luciferase protein expression quantification by Western 
blot of luc2-transfected BLM cells (SCP 1, 15 and 16) and parental cells as negative control (-) and a 
commercially available luciferase positive cell line was used as positive control (+). Data are 
represented as relative fold change compared with the corresponding positive control (+) c. Bar 
charts illustrating bioluminescence quantification by emitted light detection with luminometer of 
transfected BLM cells (SCP 1, 15 and 16) and parental cells as negative control (-). Results are 
presented from three wells per assay from three independent experiments. D. Bar charts illustrating 
bioluminescence quantification by emitted light detection with CCD camera of luc2-transfected BLM 
cells (SCP 1, 15 and 16) and parental cells as negative control (-). Results are presented from three 
wells per assay from three independent experiments. E. In vitro bioluminescence of BLM_luc SCPs 
and parental cell (-). Cells from each SCP were serially diluted (in triplicate) from 10,000 to 20 
cells/well. Dilution of parental cells was used as negative control (-). Values are represented as the 
mean ± SD; * p<0.05, ** p<0.01 and *** p<0.001 (Mann-Whitney-U test). 
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 Figure 3. Droplet digital polymerase chain reaction (ddPCR) surpasses all other quantification 
techniques in luciferase (luc2) quantification of luc2-transfected HCT8/E11 cells (SCP 3, 8 and 16). 
Bar charts illustrating copy number quantification by ddPCR (A). Bioluminescence quantification by 
luminometry (B) and bioluminescence quantification by CCD camera (C). Values are represented as 
the mean ± SD. Results are derived from three independent experiments performed in triplicate. ** 
p<0.01 and *** p<0.001 (Mann-Whitney-U test). 
 
5.4.3 Continuously luciferin exposure causes cell fatigue. 
,QYLWURDQGLQYLYRH[SHULPHQWVZLWKOXFLIHUDVHSRVLWLYHFHOOVUHTXLUHWKHDGGLWLRQRI
OXFLIHULQ:HWHVWHGLIWKHUHZDVDGLIIHUHQFHLQPLWRFKRQGULDODFWLYLW\WRWDOSURWHLQ
DQG5/8EHWZHHQWUDQVIHFWHGFHOOVFRQWLQXRXVO\H[SRVHGWROXFLIHULQDQGWUDQVIHFWHG
FHOOVZKHUHWKHOXFLIHULQZDVZDVKHGRIIDIWHUHYHU\PHDVXUHPHQW7KLVZDVSHUIRUPHG
IRU FHOOV ZLWK D KLJK %/0BOXF 6&3  DQG D ORZ %/0BOXF 6&3  OXF FRS\
QXPEHU077UHVXOWV VKRZHGWKDWDIWHUGD\VRIFRQWLQXRXVH[SRVXUHWR OXFLIHULQ
WKHPLWRFKRQGULDO DFWLYLW\GHFUHDVHG FRPSDUHG WR FHOOV XQGHU LQWHUPLWWHQW H[SRVXUH
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)LJ $ 7KH WRWDO DPRXQW RI SURWHLQ DOVR GHFUHDVHG XQGHU FRQWLQXRXV H[SRVXUH
UHVHPEOLQJ VORZHU FHOO JURZWK )LJ % $IWHU  GD\
V FRQWLQXRXV H[SRVXUH D
GHFUHDVH LQ5/8ZDV VHHQFRPSDUHG WR LQWHUPLWWHQW H[SRVXUH )LJ&077DQG
65%UHVXOWVVKRZHGWKDWDIWHUGD\V%/0BOXF6&3RUGD\V%/0BOXF6&3
 RQO\ WKHUH ZDV DQ LQKLELWRU\ HIIHFW RQ FHOO JURZWK 7KHVH HIIHFWV ZHUH PRUH
SURQRXQFHGLQFHOOVZLWKKLJKOXFFRS\QXPEHU
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Figure 4: Continuously luciferin exposure causes cell fatigue. Effect of luciferin exposure on 
mitochondrial activity as measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl- tetrazolium bromide  
(MTT) assay (A), total protein concentration as measured by sulforhodamine B (SRB) assay (B) and 
luciferase activity measured by luminometry (C) in cancer cells with a high luc2 copy number (SCP 1) 
and low luc2 copy number (SCP 16). Closed bars represent intermittent exposure to luciferin; open 
bars represent continuous exposure to luciferin. Results are presented from three wells per assay 
from three independent experiments. Values are represented as the means ± SD. *p<0.05, **p<0.01 
and ***p<0.001 (Mann-Whitney-U test). 
5.4.4 Functional comparison between luciferase transfected 
       cancer cells and parental cells  
6&3V VKRXOG KDYH LGHQWLFDO IXQFWLRQDO FKDUDFWHULVWLFV FRPSDUHG QRW RQO\ WR HDFK
RWKHUEXWDOVRWRWKHSDUHQWDOFHOOV0RUSKRORJLFDOO\ZHGLGQRWGHWHFWDGLIIHUHQFH
EHWZHHQWKHWUDQVIHFWHG6&3VDQGWKHSDUHQWDOFHOOOLQH)LJ$&ROODJHQLQYDVLRQ
UHYHDOHGQRGLIIHUHQFHLQLQYDVLYHSKHQRW\SHRULQYDVLRQLQGH[)LJ%7RFRQILUP
WKDW WKH OXFWUDQVIHFWHG%/0BOXF6&3َVJUHZ LQ YLYR LQDPDQQHU FRPSDUDEOH WR
WKHSDUHQWDOFHOOVERWKZHUH LQMHFWHGVXEFXWDQHRXVO\Q SHUFHOO OLQHDQGWXPRU
YROXPHZDVPRQLWRUHGXVLQJ FDOOLSHUPHDVXUHPHQWV7XPRUJURZWKSDWWHUQ LQPLFH
LQMHFWHGZLWK%/0BOXFZDV VLPLODU WR WKDW RI WKHPLFH LQMHFWHGZLWK WKHSDUHQWDO
%/0 )LJ $ ,Q JHQHUDO WKH WXPRU%/, UHVHPEOHG WKH FDOOLSHUPHDVXUHG WXPRU
YROXPH )LJ%DQG&$WGD\PLFHZHUH VDFULILFHGDQG H[ YLYR LPDJLQJZDV
FDUULHGRXWWRFRQILUPOXQJPHWDVWDVLV)LJ',PPXQRKLVWRORJLFDOFRPSDULVRQRI
SULPDU\ WXPRU DQG OXQJ PHWDVWDVHV VKRZHG QR GLIIHUHQFH EHWZHHQ SDUHQWDO DQG
OXFLIHUDVHWUDQVIHFWHG %/0 FHOOV 7KHUH ZDV D QHFURWLF FHQWUH DQG KLJK YDVFXODU
GHQVLW\ZDVREVHUYHGDWWKHSHULSKHU\RIWKHSULPDU\WXPRU%RWKWXPRUW\SHVIURP
%/0 SDUHQWDO DQG %/0BOXF FHOOV ODFNHG WKH SUHVHQFH RI LQIODPPDWRU\ FHOOV DQG
ILEUREODVWVPLQLPDOO\ LQILOWUDWHG7KHWRSRJUDSKLFDO ORFDOL]DWLRQVL]HDQGQXPEHURI
PHWDVWDVHVLQWKHOXQJZHUHVLPLODUIRUERWKFHOOOLQHV)LJ(DQG)
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Figure 5. Luciferase-transfected cancer cells and parental cells have similar characteristics in vitro. 
A: Representative phase-contrast micrographs of luciferase-transfected and parental cells. B: 
Comparison of type I collagen invasion assay. Luciferase-transfected cells and parental cells were 
seeded as single cells. After 24 hours, invasive and non-invasive cells were counted and an invasion 
percentage was quantified. Results are presented from three wells per assay from three independent 
experiments. Values are represented as the mean percentages ± SD. 
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Figure 6. Luciferase-transfected cancer cells and parental cells have similar characteristics in vivo. 
A: Four-week-old NOD/SCID female mice were injected subcutaneous with 1×106 BLM_luc or 
parental BLM cells in 0.1 ml of serum-free culture medium.  Tumor volume of three mice was 
monitored for 50 days by caliper measurements. B: Quantification of bioluminescent signal of 
BLM_luc cancer cell growth in vivo. C: Imaging of one representative animal at different time points 
after injection of BLM_luc. D: Image of a representative pair of lungs of a mouse 50 days after 
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 subcutaneous implantation of BLM_luc cells; mice were sacrificed and total lung metastasis was 
quantified by bioluminescent imaging. Immunohistochemical staining was used for conventional 
morphological analysis of primary tumor and lung metastases. *Necrotic tissue; arrowhead, blood 
vessels (E); arrows, metastatic lesion (F). 
 
5.5 Discussion 
0DQ\ UHVHDUFKHUV DOUHDG\ VWXGLHG IDFWRUV WKDW PD\ KDYH DQ LQIOXHQFH RQ %/,
VLJQDOLQJ LQFOXGLQJ W\SH RI OXFLIHUDVH  OHYHO RI OXFLIHUDVH H[SUHVVLRQ
FRQFHQWUDWLRQRIOXFLIHULQLQMHFWHGZD\RIOXFLIHULQLQMHFWLRQWLPHRILPDJLQJ
PHWDEROLVPRIFHOOWLVVXHDQDHVWKHWLFVDQGSODVPDSURWHLQV

'LIIHUHQW FRPSOHPHQWDU\ OXFLIHUDVH TXDQWLILFDWLRQPHWKRGV ZHUH SHUIRUPHG KHUH RQ
PXOWLSOH 6&3V RI D PHODQRPD DQG D FRORUHFWDO FDQFHU FHOO OLQH WUDQVIHFWHG ZLWK D
OXFLIHUDVHH[SUHVVLQJSODVPLG6XSHULRUVHQVLWLYLW\RIGG3&5ZDVREVHUYHGFRPSDUHG
WR WKH ELROXPLQHVFHQFH DVVD\V DQG ZHVWHUQ EORW LQ GLVFULPLQDWLQJ TXDQWLWDWLYH
OXFLIHUDVHGLIIHUHQFHVEHWZHHQWKH6&3V7RRXUNQRZOHGJHZHDUHWKHILUVWWRUHSRUW
WKHFRPSDULVRQRIOXFLIHUDVHDFWLYLW\ZLWKOXFLIHUDVHFRS\QXPEHUVDQGFRQFOXGHWKDW
KLJKSURWHLQH[SUHVVLRQDQGKLJK%/,RU5/8GRHVQRWDOZD\VPHDQWKDWWKHVHFHOOV
KDYHDKLJKHUOXFFRS\QXPEHU+&7(BOXF6&3VKDGRQO\DVPDOOGLIIHUHQFHLQ
FRS\QXPEHUEXWVLJQLILFDQWGLIIHUHQFHVLQ%/,7KHGLIIHUHQFHLQ5/8DQG%/,FDQ
EH H[SODLQHG E\ WKH GLIIHUHQFH LQ VHQVLWLYLW\ RI WKH TXDQWLILFDWLRQ WHFKQLTXH 5/8
TXDQWLILFDWLRQ LV EDVHG RQ VLQJOHSRLQW PHDVXUHPHQWV ZKLOH %/, TXDQWLILFDWLRQ LV
EDVHGRQWKHVLJQDORIWKHHQWLUHZHOO

5HPRYDO RI OXFLIHULQFRQWDLQLQJ PHGLXP DIWHU PHDVXULQJ %/, LV D QHFHVVDU\
SUHFDXWLRQ EHFDXVH FRQWLQXRXV H[SRVXUH WR OXFLIHULQ UHGXFHV PLWRFKRQGULDO DFWLYLW\
DQGWRWDOSURWHLQDIWHUSURORQJHGLQFXEDWLRQ%RWKWKHVHILQGLQJVVXJJHVWDGHFUHDVH
LQ JURZWK EHFDXVH RI FRQWLQXRXV OXFLIHULQ H[SRVXUH $ KLJK OHYHO RI OXFLIHUDVH
FRQWLQXRXVO\IXHOOHGE\OXFLIHULQDQGFHOOXODU$73FRQVXPHVDVLJQLILFDQWSURSRUWLRQ
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RI WKH $73 SRRO QHFHVVDU\ IRU PDLQWDLQLQJ FHOOXODU PHWDEROLVP DQG JURZWK
0RUHRYHU OXFLIHUDVHH[SUHVVLQJ FHOOV FRQVXPH R[\JHQ GXULQJ WKH OXFLIHUDVHيOXFLIHULQ
UHDFWLRQ ZKLFK OHDGV WR D K\SR[LF VWDWH +\SR[LD LV NQRZQ WR UHGXFH FHOO
SUROLIHUDWLRQ LQ D K\SR[LDLQGXFLEOH IDFWRUGHSHQGHQW PDQQHU DQG FRQWLQXRXV
H[SRVXUH WR OXFLIHULQ OHDGV WR H[FHVVLYH R[\JHQ FRQVXPSWLRQ UHVXOWLQJ LQ JURZWK
VWDVLV ,Q DGGLWLRQ D EXLOGXS RI R[\OXFLIHULQ RU R[LGDWLYH GDPDJH RFFXUULQJ
GXULQJ WKH OXFLIHUDVHيOXFLIHULQ UHDFWLRQ PD\ DOVR SOD\ D UROH LQ JURZWK VWDVLV
+RZHYHU WKH ODWWHU K\SRWKHVLV ZDV UHMHFWHG E\ 7LIIHQ HW DO ZKR FODLPHG WKDW
OLPLWLQJ FRIDFWRU LH R[\JHQ DQG $73 FDQQRW FDXVH H[FHVVLYH SURGXFWLRQ RI
R[\OXFLIHULQ7KDWWKHVHHIIHFWVDUHPRUHSURQRXQFHGLQ6&3VZLWKDKLJK OXFFRS\
QXPEHU LV SUREDEO\ GXH WR KLJKHU FRQVXPSWLRQ RI$73 DQG R[\JHQ WKDQ LQ WKRVH
ZLWKDORZFRS\QXPEHU7KHUHIRUHLWFDQEHFRQFOXGHGWKDWUHSODFHPHQWRIOXFLIHULQ
FRQWDLQLQJ FXOWXUHPHGLXPE\ UHJXODU FXOWXUHPHGLXPQHHGV WR EHFRPH WKH JROGHQ
VWDQGDUGDIWHUOXFLIHUDVHTXDQWLILFDWLRQLQLQYLWURH[SHULPHQWV
 
7KH LPSRUWDQWTXHVWLRQ RIZKHWKHUPDQLSXODWLRQE\ OXFLIHUDVH WUDQVIHFWLRQ LQLWLDWHV
IXQFWLRQDOGLIIHUHQFHVEHWZHHQWKHWUDQVIHFWHGDQGWKHSDUHQWDOFHOO OLQHQHHGVWREH
DQVZHUHG 2XU UHVHDUFK SURYLGHV EDVLF NQRZOHGJH HVVHQWLDO IRU ZRUNLQJ ZLWK
OXFLIHUDVHWUDQVIHFWHG FHOO OLQHV %ROLQ DQG FRZRUNHUV VWXGLHG WKH GLIIHUHQFH LQ
RUWKRWRSLF EUHDVW WXPRU JURZWK DQGPHWDVWDVLV IRUPDWLRQ EHWZHHQ6&3VZLWK KLJK
DQG ORZ%/, LQYLYR6LPLODU WXPRUJURZWKDQGPHWDVWDVLVSURILOHVZHUHREVHUYHG
EHWZHHQWKHWUDQVIHFWHG6&3FHOOVDQGSDUHQWDOFHOOV,QRXUUHVHDUFKZHRQO\WHVWHG
WKH6&3ZLWKKLJKHVW%/,DQGFRPSDUHGLWZLWKWKHSDUHQWDOFHOOOLQH:LWKWKLVKLJK
LQWHQVLW\ 6&3 ORZHU QXPEHUV RI FDQFHU FHOOV FDQ EH GHWHFWHG VXJJHVWLQJ D PRUH
VHQVLWLYH GHWHFWLRQ RI HDUO\ VWDJHV RI PHWDVWDVLV RU WXPRU UHVSRQVHV WR WKHUDS\
$FFRUGLQJWR%UXWNLHZLF]HWDODKLJKOXFLIHUDVHH[SUHVVLRQPD\DIIHFWWXPRUJURZWK
LQ YLYR LI DQLPDOV DUH H[SRVHG WR OXFLIHULQ FRQWLQXRXVO\ DQG VHULDO UHLPDJLQJ:H
VKRZHG WKDW RXU KLJK H[SUHVVLQJ OXF 6&3 KDG D VLPLODU SULPDU\ WXPRU JURZWK
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 SURILOH DQG OXQJ PHWDVWDVLV UDWH FRPSDUHG WR WKH SDUHQWDO OLQH -HQNLQV DQG FR
ZRUNHUVDUHRQHRIWKHIHZZKRDUHGHVFULEHGDFRPSDULVRQLQWXPRUJURZWKEHWZHHQ
SDUHQWDO DQG WUDQVIHFWHG FHOO OLQHV VLPLODU WXPRU SURJUHVVLRQZDV VHHQ LQ ERWK FHOO
OLQHVEXWQRIXUWKHUIXQFWLRQDOWHVWZHUHSHUIRUPHG2WKHUH[DPSOHVDUHGHVFULEHG
E\7KDOKHLPHUHWDO DQG&ODUNHWDO7DOKHLPHUHWDO ILUVW LQYHVWLJDWHG LQ YLWUR
OXFLIHUDVHDFWLYLW\LQDVHULDOGLOXWLRQEHIRUHXVHLQYLYREXWQHYHUFRPSDUHGZLWKWKH
SDUHQWDOFHOOV LQYLYR&ODUNHWDO LQYHVWLJDWHGWKHHIIHFWRI OXFLIHUDVHWUDQVFULSWLRQ
RQFHOOFKDUDFWHULVWLFV1RVLJQLILFDQWGLIIHUHQFHZDVREVHUYHGLQFHOOJURZWKPLJUDWLRQ
DQG LQYDVLRQ EXW D VLJQLILFDQW GLIIHUHQFH LQ JHQH H[SUHVVLRQ RI F\WRNLQH JHQH ZDV
REVHUYHG )URP WKLV UHVHDUFK ZH FDQ FRQFOXGH WKDW LQYHVWLJDWRUV VKRXOG WHVW WKHLU
WUDQVIHFWHGFHOOVRQDVPDOOQXPEHURIPLFHWRJXDUDQWHHWKDWOXFLIHUDVHWUDQVIHFWLRQ
GRHVQRWFKDQJHWXPRUEHKDYLRULQYLYR

Author’s contribution 
/) FRQFHLYHG WKH LGHD GHVLJQHG UHVHDUFKHG IRU LQIRUPDWLRQ DSSURYHG DQG GUDIWHG
WKHPDQXVFULSW%'DQG&9ELROXPLQHVFHQWVHWXS69DQG-9GG3&52':DQG
0%VXSHUYLVHGWKHVWXG\DQGKHOSHGZULWLQJWKHPDQXVFULSW$OODXWKRUVUHDGDQG
DSSURYHGWKHILQDOPDQXVFULSW

Acknowledgments 
7KH DXWKRUV ZRXOG OLNH WR WKDQN 0 'H 0HXOHPHHVWHU 6 'HFORHGW . 9DQ
:HVHQPDHO 6 'H *H\WHU . 'H )DXZ DQG 1 9DQ +DHFNH IRU WKH WHFKQLFDO
DVVLVWDQFH , DP JUDWHIXO WR 6WLFKWLQJ(PPDQXHO YDQ GHU 6FKXHUHQ .RP RS WHJHQ
.DQNHU $QG$VVRFLDWLRQ 5HVHDUFK RI*KHQW 8QLYHUVLW\ DQG+R*HQW WR IXQG DQG
VXSSRUWWKLVUHVHDUFK9 
119
 5.6 References 
  YDQ GHU +RUVW * YDQ $VWHQ -- )LJGRU $ HW DO 5HDOWLPH FDQFHU FHOO WUDFNLQJ E\
ELROXPLQHVFHQFH LQ D SUHFOLQLFDO PRGHO RI KXPDQ EODGGHU FDQFHU JURZWK DQG PHWDVWDVLV (XU 8URO

 GH$OPHLGD3(YDQ5DSSDUG-50:X-& ,QYLYRELROXPLQHVFHQFHIRUWUDFNLQJFHOOIDWH
DQGIXQFWLRQ$P-3K\VLRO+HDUW&LUF3K\VLRO
 2EHQDXI$&=RX<-L$/HWDO7KHUDS\LQGXFHGWXPRXUVHFUHWRPHVSURPRWHUHVLVWDQFH
DQGWXPRXUSURJUHVVLRQ1DWXUH
 7KDOKHLPHU$.RUE'%¸QLFNH/ HWDO1RQLQYDVLYHYLVXDOL]DWLRQRI WXPRUJURZWK LQD
KXPDQFRORUHFWDOOLYHUPHWDVWDVHV[HQRJUDIWPRGHOXVLQJELROXPLQHVFHQFHLQYLYRLPDJLQJ-6XUJ5HVK

 :LOVRQ7+DVWLQJV-:%LROXPLQHVFHQFH$QQ5HY&HOO'HY%LRO
 *UHHU/)6]DOD\$$,PDJLQJRIOLJKWHPLVVLRQIURPWKHH[SUHVVLRQRIOXFLIHUDVHVLQOLYLQJ
FHOOVDQGRUJDQLVPVDUHYLHZ/XPLQHVFHQFH
  %UXWNLHZLF] 6 0HQGRQFD 0 6WDQW] . HW DO 7KH H[SUHVVLRQ OHYHO RI OXFLIHUDVH ZLWKLQ
WXPRXUFHOOVFDQDOWHUWXPRXUJURZWKXSRQ LQYLYRELROXPLQHVFHQFH LPDJLQJ/XPLQHVFHQFH

 &ODUN$-6DIDHH02K7HWDO6WDEOHOXFLIHUDVHH[SUHVVLRQGRHVQRWDOWHULPPXQRORJLFRU
LQYLYRJURZWKSURSHUWLHVRI*/PXULQHJOLRPDFHOOV-7UDQVO0HG(SLGHPLRO
 7LIIHQ-&%DLOH\&*1J&HWDO/XFLIHUDVHH[SUHVVLRQDQGELROXPLQHVFHQFHGRHVQRWDIIHFW
WXPRUFHOOJURZWKLQYLWURRULQYLYR0RO&DQFHU
 -RKQVRQ&+)LVKHU76+RDQJ/7HWDO/XFLIHUDVHGRHVQRWDOWHUPHWDEROLVPLQFDQFHU
FHOOV0HWDERORPLFV
 -DFREV.)H\V/9DQKRHFNH%HWDO3FDGKHULQH[SUHVVLRQ UHGXFHVPHODQRPDJURZWK
LQYDVLRQDQGUHVSRQVLYHQHVVWRJURZWKIDFWRUVLQQXGHPLFH(XU-&DQFHU3UHY
 9HUPHXOHQ 6-%UX\QHHO($%UDFNH0( HW DO 7UDQVLWLRQ IURP WKH QRQLQYDVLYH WR WKH
LQYDVLYHSKHQRW\SHDQGORVVRI̝FDWHQLQLQKXPDQFRORQFDQFHUFHOOV&DQFHU5HV
  $WWLD 0$0 :HLVV ': ,PPXQRORJ\ RI VSRQWDQHRXV PDPPDU\ FDUFLQRPDV LQ PLFH
DFTXLUHG WXPRU UHVLVWDQFH DQG HQKDQFHPHQW LQ VWUDLQ D PLFH LQIHFWHG ZLWKPDPPDU\ WXPRU YLUXV
&DQFHU5HV
 )H\V/'HVFDPSV%9DQKRYH&HWDO5DGLDWLRQLQGXFHGOXQJGDPDJHSURPRWHVEUHDVW
FDQFHUOXQJPHWDVWDVLVWKURXJK&;&5VLJQDOLQJ2QFRWDUJHW
 +HQGUL[$%UDHPV*%UDFNH0HWDO7KHVHFUHWRU\VPDOO*73DVH5DE%DVDPDUNHU
IRUEUHDVWFDQFHUSURJUHVVLRQ2QFRWDUJHW
 9DQ%RFNVWDO0/DPEHLQ.9DQ*HOH0 HW DO'LIIHUHQWLDO UHJXODWLRQ RI H[WUDFHOOXODU
PDWUL[ SURWHLQ H[SUHVVLRQ LQ FDUFLQRPDDVVRFLDWHG ILEUREODVWV E\ 7*)̞ UHJXODWHV FDQFHU FHOO
VSUHDGLQJEXWQRWDGKHVLRQ2QFRVFLHQFH
  'H:HYHU 2 +HQGUL[ $ 'H %RHFN $ HW DO 6LQJOH FHOO DQG VSKHURLG FROODJHQ W\SH ,
LQYDVLRQDVVD\,Q'ZHN06FKXPDFKHU8%URRNV6$0HWDVWDVLV5HVHDUFK3URWRFROVHGYRO
6SULQJHU1HZ<RUN
  &ORVH '0 +DKQ 5( 3DWWHUVRQ 66 HW DO &RPSDULVRQ RI KXPDQ RSWLPL]HG EDFWHULDO
OXFLIHUDVH ILUHIO\ OXFLIHUDVH DQGJUHHQ IOXRUHVFHQWSURWHLQ IRU FRQWLQXRXV LPDJLQJRI FHOO FXOWXUH DQG
DQLPDOPRGHOV-%LRPHG2SW
  &ORVH '0 ;X 7 6D\OHU *6 HW DO ,Q YLYR ELROXPLQHVFHQW LPDJLQJ %/, QRQLQYDVLYH
YLVXDOL]DWLRQDQGLQWHUURJDWLRQRIELRORJLFDOSURFHVVHVLQOLYLQJDQLPDOV6HQVRUV
  3DURR = %ROOLQJHU 5 %UDDVFK' HW DO 9DOLGDWLQJ ELROXPLQHVFHQFH LPDJLQJ DV D KLJK
WKURXJKSXWTXDQWLWDWLYHPRGDOLW\IRUDVVHVVLQJWXPRUEXUGHQ0RO,P
120
   .H\DHUWV 0 9HUVFKXHUHQ - %RV 7- HW DO '\QDPLF ELROXPLQHVFHQFH LPDJLQJ IRU
TXDQWLWDWLYH WXPRXU EXUGHQ DVVHVVPHQW XVLQJ ,9 RU ,3 DGPLQLVWUDWLRQ RI 'OXFLIHULQ HIIHFW RQ
LQWHQVLW\WLPHNLQHWLFVDQGUHSHDWDELOLW\RISKRWRQHPLVVLRQ(XU-1XFO0HG0RO,P

  ,QRXH < .LU\X 6 ,]DZD . HW DO &RPSDULVRQ RI VXEFXWDQHRXV DQG LQWUDSHULWRQHDO
LQMHFWLRQRI'OXFLIHULQIRULQYLYRELROXPLQHVFHQFHLPDJLQJ(XU-1XFO0HG0RO,P
 ,QRXH<.LU\X6:DWDQDEH0HWDO7LPLQJRILPDJLQJDIWHUGOXFLIHULQLQMHFWLRQDIIHFWV
WKHORQJLWXGLQDODVVHVVPHQWRIWXPRUJURZWKXVLQJLQYLYRELROXPLQHVFHQFHLPDJLQJ,QW-%LRPHG,P

 %HUJHU)3DXOPXUXJDQ5%KDXPLN6HWDO8SWDNHNLQHWLFVDQGELRGLVWULEXWLRQRI&
'OXFLIHULQD UDGLRODEHOHG VXEVWUDWH IRU WKH ILUHIO\ OXFLIHUDVH FDWDO\]HG ELROXPLQHVFHQFH UHDFWLRQ
LPSDFWRQELROXPLQHVFHQFHEDVHGUHSRUWHUJHQHLPDJLQJ(XU-1XFO0HG0RO,P
  &XL . ;X ; =KDR + HW DO $ TXDQWLWDWLYH VWXG\ RI IDFWRUV DIIHFWLQJ LQ YLYR
ELROXPLQHVFHQFHLPDJLQJ/XPLQHVFHQFH
  .H\DHUWV 0 5HPRU\ , &DYHOLHUV 9 HW DO ,QKLELWLRQ RI ILUHIO\ OXFLIHUDVH E\ JHQHUDO
DQHVWKHWLFVHIIHFWRQLQYLWURDQGLQYLYRELROXPLQHVFHQFHLPDJLQJ3/R62QH
  .H\DHUWV 0 +HQHZHHU & *DLQNDP /2 HW DO 3ODVPD SURWHLQ ELQGLQJ RI OXFLIHUDVH
VXEVWUDWHVLQIOXHQFHVVHQVLWLYLW\DQGDFFXUDF\RIELROXPLQHVFHQFHLPDJLQJ0RO,P%LRORJ\

 +DUULV$/+\SR[LDDNH\UHJXODWRU\IDFWRULQWXPRXUJURZWK1DW5HY&DQFHU

  +¸FNHO 0 9DXSHO 3 7XPRU K\SR[LD GHILQLWLRQV DQG FXUUHQW FOLQLFDO ELRORJLF DQG
PROHFXODU]VSHFWV-1DWO&DQFHU,QVW
 .RFK&-.UXXY-)UH\+(7KHHIIHFWRIK\SR[LDRQWKHJHQHUDWLRQWLPHRIPDPPDOLDQ
FHOOV5DGLDW5HV
  %ROLQ & 6XWKHUODQG & 7DZDUD . HW DO 1RYHO PRXVHPDPPDU\ FHOO OLQHV IRU LQ YLYR
ELROXPLQHVFHQFHLPDJLQJ%/,RIERQHPHWDVWDVLV%LRO3URFHG2QOLQH
 -HQNLQV'(+RUQLJ<62HL<HWDO%LROXPLQHVFHQWKXPDQEUHDVWFDQFHUFHOOOLQHVWKDW
SHUPLWUDSLGDQGVHQVLWLYHLQYLYRGHWHFWLRQRIPDPPDU\WXPRUVDQGPXOWLSOHPHWDVWDVHVLQLPPXQH
GHILFLHQWPLFH%UHDVW&DQFHU5HV5

 
121

Chapter 
6 
Radiation-induced lung damage  
promotes breast cancer lung- 
metastasis through CXCR4 
signaling. 
6 6  
Oncotarget 2015; 6(29):26615-32 
Lynn Feys 
Benedicte Descamps 
Christian Vanhove 
Anne Vral 
Liv Veldeman 
Stefan Vermeulen 
Carlos De Wagter 
Marc Bracke 
Olivier De Wever 
6.1  Abstract 
5DGLRWKHUDS\ LV D PDLQVWD\ LQ WKH SRVWRSHUDWLYH WUHDWPHQW RI EUHDVW FDQFHU DV LW
UHGXFHV WKH ULVNV RI ORFDO UHFXUUHQFH DQGPRUWDOLW\ DIWHU ERWK FRQVHUYDWLYH VXUJHU\
DQG PDVWHFWRP\ 'HVSLWH UHFHQW HIIRUWV WR GHFUHDVH LUUDGLDWLRQ YROXPHV WKURXJK
DFFHOHUDWHG SDUWLDO LUUDGLDWLRQ WHFKQLTXHV ODWH FDUGLDF DQG SXOPRQDU\ WR[LFLW\ VWLOO
RFFXUVDIWHUEUHDVWLUUDGLDWLRQ7KHLPSRUWDQFHRIWKLVSXOPRQDU\LQMXU\WRZDUGVOXQJ
PHWDVWDVLVLVXQFOHDU3UHLUUDGLDWLRQRIOXQJHSLWKHOLDOFHOOVLQGXFHV'1$GDPDJHS
DFWLYDWLRQ DQG D VHFUHWRPH HQULFKHG LQ WKH FKHPRNLQHV 6')&;&/ DQG0,)
,UUDGLDWHG OXQJ HSLWKHOLDO FHOOV VWLPXODWH DGKHVLRQ VSUHDGLQJ JURZWK DQG
WUDQVHQGRWKHOLDOPLJUDWLRQRIKXPDQ0'$0%DQGPXULQH7EUHDVWFDQFHU
FHOOV 7KHVH PHWDVWDVLVDVVRFLDWHG FHOOXODU DFWLYLWLHV ZHUH ODUJHO\ PLPLFNHG E\
UHFRPELQDQW &;&/ DQG 0,) 0RUHRYHU DQ DOORVWHULF LQKLELWRU RI WKH &;&5
UHFHSWRU SUHYHQWHG WKH PHWDVWDVLVDVVRFLDWHG FHOOXODU DFWLYLWLHV VWLPXODWHG E\ WKH
VHFUHWRPHRILUUDGLDWHGOXQJHSLWKHOLDOFHOOV)XUWKHUPRUHSDUWLDOLUUDGLDWLRQRI
WKH ULJKW OXQJ VLJQLILFDQWO\ VWLPXODWHG EUHDVW FDQFHU OXQJVSHFLILFPHWDVWDVLV LQ WKH
V\QJHQHLFRUWKRWRSLF7EUHDVWFDQFHUPRGHO
2XU UHVXOWV ZDUUDQW IXUWKHU LQYHVWLJDWLRQ RI WKH SRWHQWLDO SURPHWDVWDWLF HIIHFWV RI
UDGLDWLRQDQG LQGLFDWH WKHQHHG WRGHYHORSHIILFLHQWGUXJV WKDWZLOOEH VXFFHVVIXO LQ
FRPELQDWLRQZLWKUDGLRWKHUDS\WRSUHYHQWWKHUDS\LQGXFHGVSUHDGRIFDQFHUFHOOV

6.2 Introduction 
3RVWRSHUDWLYH UDGLRWKHUDS\ UHGXFHV WKH ULVN RI ERWK UHFXUUHQFH DQG PRUWDOLW\ RI
EUHDVW FDQFHU DQG LV QRZDGD\V VWDQGDUG WUHDWPHQW LQ WKH PDQDJHPHQW RI EUHDVW
FDQFHUDIWHUFRQVHUYDWLYHVXUJHU\DQGDIWHUPDVWHFWRP\WRDQWLFLSDWHWKHKLJKULVNRI
UHODSVH'HVSLWHWKLVSURJUHVVORFRUHJLRQDOSRVWUDGLRWKHUDS\UHODSVHVVWLOORFFXULQ
DERXW  RI WKH SDWLHQWV ZLWKLQ WKH  \HDUV DIWHU WUHDWPHQW 5HODSVHV
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 RFFXUULQJZLWKLQ D SUHLUUDGLDWHG DUHD DUH DVVRFLDWHGZLWK DQ LQFUHDVHG ULVN RI ORFDO
LQYDVLRQ PHWDVWDVLV IRUPDWLRQ DQG SRRU SURJQRVLV FRPSDUHG WR UHODSVHV RFFXUULQJ
RXWVLGHRIWKH LUUDGLDWHGDUHD5HFHQWH[SHULPHQWDOHYLGHQFHVXSSRUWVWKHVHFOLQLFDO
REVHUYDWLRQV ,Q PXULQH [HQRJUDIW PRGHOV WXPRUV GHYHORSLQJ ZLWKLQ SUHLUUDGLDWHG
EHGV DUH PRUH LQYDVLYH DQG PHWDVWDWLF FRPSDUHG WR WXPRUV JURZLQJ RXWVLGH
LUUDGLDWHG EHGV D FRQGLWLRQ DOVR UHIHUUHG WR DV ّWXPRU EHG HIIHFWْ .XRQHQ HW DO
LQYHVWLJDWHG FHOOXODU DQGPROHFXODUPHFKDQLVPV XQGHUO\LQJ WKH WXPRU EHG HIIHFW LQ
EUHDVWFDQFHUE\XVLQJWKH7WULSOHQHJDWLYHPXULQHPRGHOPLPLFNLQJORFDOUHODSVH
DIWHUUDGLRWKHUDS\DQGLGHQWLILHGWKHUROHRIFDQFHUFHOOVDQGPRELOL]HGP\HORLGFHOOV
DVDPHWDVWDVLVSURPRWLQJPHFKDQLVPLQEUHDVW$OVRUDGLDWLRQLQGXFHGVWHPQHVVRI
UHVLGXDOEUHDVWFDQFHUFHOOVLQFUHDVHGVSRQWDQHRXVOXQJPHWDVWDVLV
$OWKRXJK WKHVH H[SHULPHQWDO PRGHOV DGHTXDWHO\ DGGUHVV WKH LPSDFW RI WKH ORFDO
WXPRUEHGHIIHFWWKHVHLQYLYRPRGHOVGRQRWFRQVLGHUWKHLQFLGHQWDOH[SRVXUHRIWKH
FDUGLRSXOPRQDU\ UHJLRQ WR LRQL]LQJ UDGLDWLRQ DIWHU SRVWRSHUDWLYH UDGLRWKHUDS\
,QFLGHQWDO FDUGLRSXOPRQDU\ LUUDGLDWLRQ LV FOLQLFDOO\ LPSRUWDQW VLQFH LW LQFUHDVHV WKH
VXEVHTXHQW UDWH RI LVFKHPLF KHDUW GLVHDVH DQG VHFRQGDU\ OXQJ FDQFHU ULVN 
5DGLRWKHUDS\UHJLPHQVIRUEUHDVWFDQFHUKDYHFKDQJHGVLQFHWKHVHWULDOVWKHGRVHVRI
XS WR *\ WR ZKLFK WKH FDUGLRSXOPRQDU\ UHJLRQZDV H[SRVHG DUH QRZ JHQHUDOO\
ORZHU  1HYHUWKHOHVV LQ PRVW ZRPHQ UHFHLYLQJ FRQWHPSRUDU\ UDGLRWKHUDS\
SURWRFROVWKHFDUGLRSXOPRQDU\UHJLRQUHFHLYHVGRVHVRIWR*\7KHHVWLPDWHG
SHUFHQWDJHRIWRWDO LUUDGLDWHG OXQJYROXPHPD\UDQJHIURPWRLQDVWXG\
SRSXODWLRQUHFHLYLQJWDQJHQWLDOUDGLDWLRQEHDPV
/XQJV DUH D SULPH WDUJHW RUJDQ IRU EUHDVW FDQFHU PHWDVWDVLV EXW WKH LPSDFW RI
LQFLGHQWDO UDGLDWLRQ H[SRVXUH RQ OXQJ PHWDVWDVLV LV XQNQRZQ ,Q WKLV SDSHU ZH
H[SHULPHQWDOO\ DQG PROHFXODUO\ DGGUHVVHG ZKHWKHU SUHLUUDGLDWLRQ RI OXQJ HSLWKHOLDO
FHOOV LPSDFWV PHWDVWDVLVDVVRFLDWHG FHOOXODU DFWLYLWLHV RI ZHOOFKDUDFWHUL]HG WULSOH
QHJDWLYHKXPDQ0'$0%DQGPXULQH7EUHDVWFDQFHUFHOOV8VLQJDPXULQH
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[HQRJUDIW PRGHO OXQJ PHWDVWDVLV IRUPDWLRQ ZDV HYDOXDWHG DIWHU H[SRVXUH RI 
YROXPHRIWKHULJKWOXQJWRFOLQLFDOO\UHOHYDQWGRVHVRIUDGLDWLRQ

6.3 Material and Methods 
6.3.1 Cell lines  
($K\DKXPDQHQGRWKHOLDOFHOO OLQHZDVREWDLQHG IURP$7&&0DQDVVDV9$
86$ 0'$0%*)3BOXF D KXPDQ WULSOHQHJDWLYH EUHDVW FDQFHU FHOO OLQH
7BOXF D PRXVH WULSOHQHJDWLYH EUHDVW FDQFHU FHOO ZDV REWDLQHG IURP 6LEWHFK
%URRNILHOG&786$%HDV%FHOO OLQHDKXPDQQRUPDO OXQJHSLWKHOLDO FHOO OLQH
ZDVNLQGO\SURYLGHGE\3URI.'H%RVVFKHU&\WRNLQH5HFHSWRU/DE9,%*KHQW
8QLYHUVLW\($K\0'$0%*)3BOXFDQG7BOXFFHOOVZHUHPDLQWDLQHG
LQ'0(0 FXOWXUHPHGLXP VXSSOHPHQWHGZLWK  IHWDO ERYLQH VHUXP 8P/
SHQLFLOOLQ  wJP/ VWUHSWRP\FLQ ,QYLWURJHQ :DOWKDP 0$ 86$ DQG 
wJP/IXQJL]RQH%ULVWRO0\HUV6TXLEE%HOJLXP%HDV%FHOOVZHUHPDLQWDLQHGLQ
0(0FXOWXUHPHGLXPVXSSOHPHQWHGZLWK/JOXWDPLQHZYIHWDOERYLQH
VHUXP 8P/SHQLFLOOLQ  wJP/ VWUHSWRP\FLQ ,QYLWURJHQ DQG  wJP/
IXQJL]RQH($K\7BOXFDQG%HDV%ZHUHLQFXEDWHGZLWK&20'$0%
*)3BOXF FHOOVZHUH LQFXEDWHGZLWK &2$XWKHQWLFLW\ RI$7&& FHOO OLQHV
ZDVFRQILUPHGE\VKRUWWDQGHPUHSHDWSURILOLQJLQWKHODVWPRQWKVEHIRUHXVH&HOO
FXOWXUHVZHUHWHVWHGIRUP\FRSODVPFRQWDPLQDWLRQPRQWKO\E\XVLQJ0\FR$OHUW3OXV
.LW /RQ]D %DVHO 6ZLW]HUODQG 0'$0%*)3BOXF *)3 H[SUHVVLRQ ZDV
FRQWLQXRXVO\ LQGXFHG ZLWK GR[\F\FOLQH  QJP/ 6LJPD$OGULFK 6W/RXLV 02
86$7BOXFZHUHVHOHFWHGZLWK=HRFLQHwJP/,QYLWURJHQ


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 6.3.2 Antibodies and reagents 
3ULPDU\ DQG VHFRQGDU\ DQWLERGLHV DQG UHDJHQWV DUH GHVFULEHG LQ 6XSSOHPHQWDU\
0DWHULDOVDQG0HWKRGV
6.3.3 Conditioned medium of irradiated and non-irradiated  
       bronchial epithelial cells 
1RUPDO OXQJ HSLWKHOLDO FHOOV ZHUH FXOWXUHG LQ D  FP FXOWXUH IODVN &HOOV ZHUH
LUUDGLDWHGXVLQJD6PDOO$QLPDO5DGLDWLRQ5HVHDUFK3ODWIRUP6$553V\VWHP;UD\
WXEH,6292/70;UD\VRXUFH6$553V\VWHP;6WUDKOp6XUUH\8.DWD
FRQVWDQWUDWHRI*\PLQIRUVHFRQGVWKXVUHFHLYLQJDVLQJOHIUDFWLRQRI
*\  N9 DQG  P$ XVLQJ D  PP FRSSHU ILOWHU DQG D  [  FP
FROOLPDWRU &HOOV ZHUH SRVLWLRQHG DW D VRXUFHWRVXUIDFH GLVWDQFH 66' RI  FP
&RQWUROّVKDPْVDPSOHV*\UHFHLYHGVLPLODUKDQGOLQJVH[FHSWIRUWKHLUUDGLDWLRQ
&RQGLWLRQHGPHGLXPFRQWDLQLQJVROXEOHIDFWRUVGHULYHGIURPLUUDGLDWHGHSLWKHOLDOFHOOV
&0/(B,5 DQG PHGLXP RI WKH VKDP HSLWKHOLDO FHOOV &0/( ZDV SUHSDUHG DV
GHVFULEHGLQ6XSSOHPHQWDU\0DWHULDOVDQG0HWKRGV
6.3.4 Quantification DNA double-strand breaks (DSB) 
4XDQWLILFDWLRQRI̟+$[LVXVHGWRTXDQWLI\'6%)RUWKH LQYLWURH[SHULPHQWVRQ
KXPDQ %HDV% OXQJ HSLWKHOLDO FHOOV D PRXVH PRQRFORQDO DQWL̟+$; SULPDU\
DQWLERG\ ZDV XVHG LQ FRPELQDWLRQ ZLWK DQ $OH[DFRQMXJDWHG UDEELW DQWLPRXVH
VHFRQGDU\ DQWLERG\ DQG '$3, QXFOHDU FRXQWHUVWDLQ 7KH SURWRFRO DV GHVFULEHG LQ
'HSX\GWHWDOZDVIROORZHG)RU̟+$;IRFLDQDO\VLV LQWKHPRXVHOXQJWLVVXHD
UDEELW SRO\FORQDO DQWL̟+$; SULPDU\ DQWLERG\ ZDV XVHG LQ FRPELQDWLRQ ZLWK D
ELRWLQ\ODWHG JRDW DQWLUDEELW VHFRQGDU\ DQWLERG\ 7R YLVXDOL]H WKH IRFL DQ
LPPXQRHQ]\PDWLFVWDLQLQJXVLQJKRUVHUDGLVKSHUR[LGDVHFRQMXJDWHGVWUHSWDYLGLQDQG
'$% ZDV DSSOLHG IROORZHG E\ KDHPDWR[\OLQ FRXQWHUVWDLQLQJ 7KH SURWRFRO DV
127
GHVFULEHG LQ %ROFDHQ HW DO ZDV IROORZHG0LFH ZHUH HXWKDQL]HG PLQXWHV DIWHU
UHFHLYLQJWKRUDFLFVKDPRU*\LUUDGLDWLRQ
6.3.5 Viability assay 
7KH YLDELOLW\ ZDV DQDO\VHG ZLWK WKH /,9('($' NLW IRU PDPPDOLDQ FHOOV
,QYLWURJHQDVGHVFULEHGLQ6XSSOHPHQWDU\0DWHULDOVDQG0HWKRGV
6.3.6 Functional assays with direct cell-cell contacts 
&HOO JURZWK DVVD\ %HDV% FHOOV FXOWXUHG LQ '0(0 ZLWK  )%6 XQWLO 
FRQIOXHQF\ UHFHLYHGD VKDPRU*\ UDGLDWLRQ$IWHUKRXUV[0'$0%
*)3BOXFRU7BOXFFHOOVZHUHDGGHGWRVXVSHQGHGDQGVHHGHGWRJHWKHUZLWK[
VKDPRU*\LUUDGLDWHG%HDV%FHOOV$IWHUGD\VRIFRFXOWXUHPHGLXPZDV
FKDQJHGDQGOXFLIHULQHFRQWDLQLQJPHGLXPZDVDGGHGwJP/PLQXWHVEHIRUH
LPDJLQJ ,PDJLQJ WLPHZDV PLQFHOO SODWH /LJKW HPLWWHG IURP WKH EUHDVW FDQFHU
FHOOVZDVGHWHFWHGE\DKLJKO\VHQVLWLYH&&'FDPHUDLQWKH,Q9LYR,PDJLQJ6\VWHP
/XPLQD ,, ,9,6p &DOLSHU /LIH 6FLHQFH +RSNLQWRQ 0$ 86$ $QDO\VLV ZDV
DFKLHYHG ZLWK /LYLQJ ,PDJHp VRIWZDUH &DOLSHU /LIH 6FLHQFH 7KHUH ZDV D
FRUUHODWLRQ EHWZHHQ FHOO QXPEHU DQG ELROXPLQHVFHQFH LQ YLWUR XVLQJ WKH ,Q 9LYR
,PDJLQJ6\VWHPGDWDQRWVKRZQ
&HOO DGKHVLRQ DVVD\7R VWXG\ WKH GLIIHUHQFH LQ DGKHVLRQ RI EUHDVW FDQFHU FHOOV WR
LUUDGLDWHG YHUVXV QRQLUUDGLDWHG HSLWKHOLDO FHOOV %HDV% ZHUH FXOWXUHG LQ D ZHOO
SODWHXQWLOFRQIOXHQF\7KHPRQROD\HUZDVVKDPRU*\KRXUVDIWHUWUHDWPHQW
[ 0'$0%*)3BOXF RU 7BOXF FHOOV ZHUH DGGHG WR WKH PRQROD\HUV 7R
VWXG\WKHHIIHFWRI$0'D&;&5DQWDJRQLVWFDQFHUFHOOVZHUHSUHWUHDWHGIRU
PLQXWHVZLWK  w0$0' ,Q$0' FRQGLWLRQ SUHWUHDWHG FDQFHU FHOOV
ZHUH DGGHG WR WKH PRQROD\HU ZLWK D WRWDO $0' FRQFHQWUDWLRQ RI  w0
$GKHVLRQZDVDQDO\]HGDIWHUKRXUVXVLQJ,9,6DVGHVFULEHGDERYH
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 6.3.7 Functional assays with conditioned media 
&HOOJURZWKDVVD\0'$0%*)3BOXFDQG7BOXFFHOOV[ZHUHVHHGHGLQ
ZHOO SODWHV DQG WUHDWHG HLWKHU ZLWK &0/(B,5 RU &0/( 7R VWXG\ WKH HIIHFW RI
UHFRPELQDQW&;&/RU0,)RQ FDQFHU FHOO JURZWK FHOOVZHUH WUHDWHGZLWK&0/(
VXSSOHPHQWHG ZLWK 0,) RU &;&/  QJP/ 7KH HIIHFW RI DQ LQKLELWRU ZDV
VWXGLHGE\SUHWUHDWPHQWRIWKHFDQFHUFHOOVZLWKw0$0'IRUPLQXWHVDQG
D WRWDO $0' FRQFHQWUDWLRQ RI  w0 LQ &0/(B,5 $IWHU  GD\V FHOO QXPEHUV
ZHUHDQDO\]HGE\ELROXPLQHVFHQWVLJQDOGHWHFWLRQDVGHVFULEHGDERYH
0LJUDWLRQDVVD\0'$0%*)3BOXFFHOOV[FHOOVZHUHSODWHGLQWKHXSSHU
FRPSDUWPHQW RI D 7UDQVZHOO FKDPEHU ZHOO LQVHUW SRUH VL]H  ̨P &RUQLQJ
,QFRUSRUDWHG1HZ<RUN1<ZKLOH LQ WKH ORZHU FRPSDUWPHQW&0/(B,5&0/( RU
&0/( VXSSOHPHQWHGZLWK&;&/ QJP/ZDVXVHGDVD FKHPRDWWUDFWDQW7R
VWXG\ WKH HIIHFW RI$0' FDQFHU FHOOVZHUHSUHWUHDWHG PLQXWHVZLWK  w0
$0'DQG$0'ZDVDGGHGLQERWKFRPSDUWPHQWVLQ&0/(B,5ZLWKDILQDO
w0FRQFHQWUDWLRQ0LJUDWLRQZDVVWRSSHGDIWHUKRXUVLQFXEDWLRQDQGWKHLQVHUW
ZDVZDVKHGZLWK3%6'&HOOVIURPWKHDSLFDOVLGHZHUHUHPRYHGXVLQJDFRWWRQVZDE
EHIRUHIL[DWLRQZLWKLFHFROGPHWKDQRODQG'$3,VWDLQLQJ$IWHUZDVKLQJVWHSVZLWK
3%6' WKH ILOWHUZDVPRXQWHG RQWR JODVVXVLQJ JO\FHUJHOPRXQWLQJPHGLXP'DNR
&DUSLQWHULD&$86$&HOOQXFOHLZHUHDQDO\]HGE\FRXQWLQJGLIIHUHQWUDQGRPO\
FKRVHQILHOGVZLWKD[REMHFWLYHRQD=HLVV$[LRYHUW0IOXRUHVFHQWPLFURVFRSH
7UDQVHQGRWKHOLDOPLJUDWLRQDVVD\)RUPDWLRQDQGDQDO\VLVRIHQGRWKHOLDOPRQROD\HULV
GHVFULEHGLQ6XSSOHPHQWDU\0DWHULDOVDQG0HWKRGVDQG6XSSOHPHQWDU\)LJXUH6
'R[\F\FOLQHLQGXFHG0'$0%*)3BOXFFHOOV[ZHUHDGGHGRQWRSRIWKH
HQGRWKHOLDO FHOOV &0/(B,5 &0/( RU &0/(B,5  $0' ZHUH XVHG DV D
FKHPRDWWUDFWDQW$IWHU LQFXEDWLRQ IRU KRXUV WKH DSLFDO VLGH RI WKH FKDPEHUZDV
ZDVKHG WZLFHZLWK3%6' DQG VFUDSHGJHQWO\ZLWK D FRWWRQ VZDS0LJUDWHG FDQFHU
FHOOVJUHHQIOXRUHVFHQWZHUHFRXQWHGIURPGLIIHUHQWUDQGRPO\FKRVHQILHOGVZLWKD
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 [ REMHFWLYH RQ D =HLVV$[LRYHUW 0 IOXRUHVFHQWPLFURVFRSH &DUO =HLVV0LFUR
LPDJLQJ+HLGHOEHUJ*HUPDQ\
0RUSKRORJ\DQDO\VLV)RUTXDQWLILFDWLRQRIPRUSKRORJLFDOFKDQJHV[0'$0%
*)3BOXFVLQJOHFHOOVZHUHVHHGHGRQJODVVFRYHUVOLSV LQ WKHSUHVHQFHRIFRQWURO
PHGLXP RU &0/(B,5 $IWHU  GD\V RI LQFXEDWLRQ FHOOV ZHUH IL[HG ZLWK 
IRUPDOGHK\GHIRUPLQXWHV3HUPHDELOL]DWLRQZLWK7ULWRQ;ZDVGRQHIRU
PLQXWHVDQGFHOOVZHUHEORFNHG IRUPLQXWHVZKLOH VKDNLQJZLWK%6$1H[W
WKH FHOO FXOWXUHV ZHUH VWDLQHG ZLWK )DFWLQ VWDLQ SKDOORLGLQ$OH[D )OXRU  DQG
'$3, DQG LPDJHG ZLWK D =HLVV $[LRYHUW 0 IOXRUHVFHQW PLFURVFRSH 2I HDFK
FRQGLWLRQFHOOV IURPGLIIHUHQWJODVVHVZHUHXVHGWRVFRUH IDFWRUVKDSHZLWKWKH
IRUPXODSHULPHWHU[̬[DUHD
6.3.8 Protein analysis 
6'6B3$*(DQG:HVWHUQEORWDQDO\VLV/\VDWHSUHSDUDWLRQ6'63$*(DQG:HVWHUQ
EORWDQDO\VLVDUHGHVFULEHGLQ6XSSOHPHQWDU\0DWHULDOVDQG0HWKRGV
&\WRNLQHDUUD\5D\%LRp/DEHO%DVHGKXPDQDQWLERG\DUUD\/5D\%LRWHFK
,QF1RUFURVV*$86$ZDVXVHGWRLGHQWLI\WKHVRXUFHRIWKHF\WRNLQHVSOD\LQJD
NH\UROHLQWKHHIIHFWRILUUDGLDWHGEURQFKLDOHSLWKHOLDOFHOOV&\WRNLQHDUUD\DQDO\VLVLV
GHVFULEHGLQ6XSSOHPHQWDU\0DWHULDOVDQG0HWKRGV
(/,6$DQDO\VLV&;&/DQG0,)VHFUHWLRQOHYHOVZHUHPHDVXUHGXVLQJTXDQWLWDWLYH
LPPXQRPHWULF VDQGZLFK HQ]\PH LPPXQRDVVD\V (/,6$ HQ]\PHOLQNHG
LPPXQRVRUEHQWDVVD\ IROORZLQJWKHPDQXIDFWXUHUَV UHFRPPHQGHGSURFHGXUHV 5	
' 6\VWHPV 0LQQHDSROLV 01 86$ 2SWLFDO GHQVLW\ ZDV PHDVXUHG DW  QP RI
ZDYHOHQJWKZLWKFRUUHFWLRQVHWWRQPRQD3$5$',*0ٵ0LFURSODWH'HWHFWLRQ
3ODWIRUP%HFNPDQ&RXOWHU%UHD&$86$7ULSOLFDWHFXOWXUHVRIFHOOVZHUHWHVWHG
IRUHDFKH[SHULPHQWDOFRQGLWLRQ

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 6.3.9 Animal studies 
5DGLRWKHUDS\WUHDWPHQWSODQQLQJ,QWKLVVWXG\WZRGLIIHUHQWGRVHSODQVZHUHVHWXS
DQG H[HFXWHG RQ WKH 6$5532QH GHOLYHUHG *\ WR WKH HQWLUH WKRUD[ WKH RWKHU
GHOLYHUHG  *\ WR  YROXPH RI WKH ULJKW OXQJ )LUVW GRVH GLVWULEXWLRQV ZHUH
FDOFXODWHGXVLQJWKHRQERDUG&7DVGHVFULEHGHDUOLHUZHHNROG%$/%F IHPDOH
PLFH&KDUOHV5LYHU/
$EUHVOH)UDQFHZHUHDQHVWKHWL]HGIL[HGRQDSODVWLFEHGDQG
SODFHGRQDKROGHU VHFXUHGRQWRWKHURERWLFSRVLWLRQLQJWDEOH&RQHEHDP&%&7
LPDJLQJ LV DFKLHYHG E\ URWDWLQJ WKH VWDJH WKDW VXSSRUWV WKH DQLPDO KRUL]RQWDOO\
EHWZHHQ WKH VWDWLRQDU\ ;UD\ VRXUFH DQG D IODWSDQHO GHWHFWRU 7KH XQFROOLPDWHG
SULPDU\ EHDP  FP  FP DW LVRFHQWHU LV XVHG IRU LPDJLQJ;UD\V RI  N9
HPLWWHG IURP WKH  PP IRFDO VSRW DQG ILOWHUHG E\  PP WKLFN DOXPLQXP ZHUH
HPSOR\HG,PDJHVZHUHDFTXLUHGDWDFXUUHQWRIP$ZLWKّFRQWLQXRXVْEHDPRQDV
ZHOODV ّFRQWLQXRXVْVWDJHURWDWLRQ7KUHHKXQGUHGDQGVL[W\SURMHFWLRQVZHUH
DFTXLUHGRYHUr6HFRQGWKHWUHDWPHQWLVRFHQWHUZDVSODFHGLQWKHORZHUSDUWRI
WKH ULJKWKHPLVSKHUHRI WKH OXQJ2QHSRVWHULRUDQWHULRUEHDPZLWKD VL]HRI [
PPZDVVHOHFWHGWRLUUDGLDWHPPRIWKHULJKWOXQJZLWK*\ZKLFKUHVHPEOHV
DSSUR[LPDWHO\YROXPHRIWKHULJKWOXQJFDOFXODWLRQEDVHGRQ.QXWVHWDO
)RUZKROH WKRUD[WUHDWPHQW WZRSRVWHULRUDQWHULRUEHDPVZLWKDVL]HRI[
PP DQG  [  PP DW LVRFHQWHU ZHUH XVHG WR FRYHU WKH HQWLUH WKRUD[
6XSSOHPHQWDU\ )LJ 6% 7UHDWPHQW LVRFHQWHUV ZHUH VHW IRU ERWK EHDPV LQ WKH
PLGGOHRIWKHOXQJ6XSSOHPHQWDU\)LJ6$6&7KH&7VFDQVDUHLPSRUWHGLQWR
0XULSODQVRIWZDUH;VWUDKOp1H[WLPDJHLQWHQVLW\EDVHGWLVVXHVHJPHQWDWLRQZDV
SHUIRUPHGWRDOORZFRUUHFWGRVHFDOFXODWLRQWKURXJKRXWWKHGLIIHUHQWWLVVXHGHQVLWLHV
7KHYROWDJHRI WKH;UD\ VRXUFH LV IL[HGDW N9ZLWKD WXEHFXUUHQWRIP$
HPLWWHGIURPWKHPPIRFDOVSRWDQGILOWHUHGE\DFRSSHUILOWHURIPP0LFH
ZLWKVKDPWUHDWPHQWRQO\XQGHUZHQWWKHLPDJLQJSDUW
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7BOXF WULSOHQHJDWLYH PRXVH EUHDVW FDQFHU PRGHO $OO PLFH ZHUH RUWKRWRSLFDOO\
LQMHFWHGKRXUVDIWHUUDGLDWLRQWUHDWPHQW2QHPLOOLRQ7BOXFFHOOVVXVSHQGHGLQD
 w/ PL[WXUH RI VHUXPIUHH '0(0 DQG 0DWULJHO  ZHUH LQMHFWHG LQWR WKH
PDPPDU\ IDW SDG 7KH SULPDU\ WXPRU YROXPH ZDV TXDQWLILHG DV WKH SURGXFW RI
FDOLSHU PHDVXUHPHQWV RI WKH ORQJHVW DQG WKH VKRUWHVW WXPRU GLDPHWHU 9    [
ORQJHVW D[LV [ VKRUWHVW D[LV 3ULPDU\ DQG PHWDVWDWLF WXPRU JURZWKV ZHUH
PRQLWRUHGE\ELROXPLQHVFHQFH)LUVWPLFHZHUHJLYLQJDQLQWUDSHULWRQHDDOLQMHFWLRQRI
w/'OXFLIHULQLQ3%6wJJPRXVH7KHQDQLPDOVZHUHDQHVWKHWL]HGZLWK
LVRIOXUDQHLQR[\JHQIRULQGXFWLRQDQGLVRIOXUDQHLQR[\JHQIRUPDLQWHQDQFH
1H[W ELROXPLQHVFHQW LPDJLQJ ZDV LQLWLDWHG PLQXWHV DIWHU LQMHFWLRQ E\ D FRROHG
&&'FDPHUDLQWKH,9,6ZLWKDFPILHOGRIYLHZELQQLQJIDFWRURIIVWRSDQG
RSHQ ILOWHU ([SRVXUH WLPHV ZHUH VHW DXWRPDWLFDOO\ GHSHQGLQJ RQ WKH OXFLIHUDVH
VLJQDOLQJ DFWLYLW\52,VZHUH GUDZQ IRU SULPDU\ WXPRU DQGPHWDVWDWLF OHVLRQV DQG
ZHUHFDOFXODWHGE\WKH,9,6VRIWZDUHH[SUHVVHGLQWRWDOIOX[SKRWRQV%DFNJURXQG
SKRWRQ IOX[ZDV GHILQHG IRU SULPDU\ JURZWK RQ D EODQFPRXVH DQG IRUPHWDVWDWLF
OHVLRQVRQDQRUPDOOXQJDQGH[WUDFWHGIURPDOODQLPDOYDOXHV,PDJHVZHUHLQLWLDWHG
HYHU\  GD\V DIWHU LQRFXODWLRQ$IWHU ZHHNVPLFHZHUH VDFULILFHG DQG WXPRU DQG
OXQJVZHUHUHVHFWHG/XQJVZHUHSODFHGLQWRZHOOSODWHVDQGH[YLYRELROXPLQHVFHQW
LPDJLQJZDVSHUIRUPHGE\DGGLQJwJP/'OXFLIHULQLQH[FHVV$IWHULPDJLQJDOO
WLVVXHVZHUHIL[HGLQEXIIHUHGIRUPDOLQ+	(VWDLQLQJDQGLPPXQRKLVWRFKHPLVWU\
ZHUH SHUIRUPHG XVLQJ D 1H[(6 DXWRPDWHG VOLGH VWDLQLQJ V\VWHP 9HQWDQD0HGLFDO
6\VWHPV 7XFVRQ$= RQ SDUDIILQ VHFWLRQV$QLPDOV ZHUH WUHDWHG DFFRUGLQJ WR WKH
(XURSHDQ JXLGHOLQHV RQ DQLPDO H[SHULPHQWV (8 7KH\ZHUH NHSW LQ K
OLJKW GDUN F\FOHVZLWK DG OLELWXP DFFHVV WR IRRG DQG ZDWHU $QLPDO VWXGLHV ZHUH
DSSURYHG E\ WKH $QLPDO (WKLFV &RPPLWWHH RI *KHQW 8QLYHUVLW\ %HOJLXP (&'


132
 6.3.10  Statistical analysis
6WDWLVWLFDO DQDO\VLV ZDV SHUIRUPHG XVLQJ *UDSK3DG 3ULVP DQG FRQILUPHG E\ ,%0
6366 6WDWLVWLFV  VRIWZDUH 'َ$JRVWLQR3HDUVRQ ZDV XVHG IRU WHVWLQJ QRUPDO
GLVWULEXWLRQ1RUPDOGLVWULEXWHGGDWDZHUHDQDO\]HGXVLQJXQSDLUHG WWHVW DGMXVWHG
ZLWK:HOFKَVFRUUHFWLRQZKHQYDULDQFHZDVVWDWLVWLFDOO\GLIIHUHQW$OOQRQSDUDPHWULF
GDWDZHUHDQDO\]HGXVLQJ0DQQ:KLWQH\8WHVW$OOYDOXHVLQER[DQGZKLVNHUEORWV
DUH H[SUHVVHG DV WKH PHDQ DQG  FRQILGHQFH LQWHUYDO $OO RWKHU YDOXHV DUH
H[SUHVVHG DV WKH PHDQ s 6' $ 3 YDOXH RI   ZDV FRQVLGHUHG VWDWLVWLFDOO\
VLJQLILFDQW 6WDWLVWLFDO WHVWV ZHUH WZRVLGHG $OO GDWD DUH UHSUHVHQWDWLYH RI DW OHDVW
WKUHHLQGHSHQGHQWH[SHULPHQWV

6.4 Results 
6.4.1 Radiation effects on damage response and  
        senescence markers in normal lung micro-  
       environments.  
7R DVVHVV WUHDWPHQWLQGXFHG GDPDJH UHVSRQVH LQ QRUPDO FHOOV RI WKH OXQJ
PLFURHQYLURQPHQWZHH[DPLQHGPRXVHOXQJWLVVXHWKDWZDVH[FLVHGPLQXWHVDIWHU
UHFHLYLQJWKRUDFLFVKDPRU*\LUUDGLDWLRQ:HIRXQGHYLGHQFHRI'1$GDPDJHLQ
OXQJHSLWKHOLDOFHOOVDVGHWHUPLQHGE\WKHSKRVSKRU\ODWLRQRIKLVWRQH+$;RQ6HU
J+$;ZLWKLQPLQXWHVDIWHU*\LUUDGLDWLRQ)LJ$7RIXUWKHUDVFHUWDLQ
WKH FRQVHTXHQFH RI'1$GDPDJH LQEHQLJQ FHOOVZH HVWDEOLVKHG DQ LQ YLWURPRGHO
WUHDWLQJ%HDV% HSLWKHOLDO FHOOV RI WKH OXQJPLFURHQYLURQPHQWZLWK D *\ VLQJOH
UDGLDWLRQGRVHZKLFK VXEVWDQWLDOO\ LQFUHDVHG WKHQXPEHURI ̟+$; IRFL )LJ %
,UUDGLDWHGFHOOVVKRZHGQRLQFUHDVHLQFHOOGHDWK)LJ&ORZHUSDQHOEXWVKRZHGD
PRUHVSUHDGPRUSKRORJ\ZLWKHQODUJHGQXFOHLDQGLQFUHDVHGF\WRSODVPLFVXUIDFHDUHD
)LJ & XSSHU SDQHO)XUWKHUPRUH DFWLYDWLRQ RI S DQG LQFUHDVHG H[SUHVVLRQ RI
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WKHSFHOOF\FOHDUUHVWSURWHLQZHUHREVHUYHG)LJ'6XSSOHPHQWDU\)LJ6$Q
LQGLFDWRURIFHOOXODUVHQHVFHQFHSZDVPDLQWDLQHGXSWRGD\VDIWHU LUUDGLDWLRQ
ZKLFKH[SODLQVWKHORZHUQXPEHURIFHOOV)LJ%&DQG'
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 Figure 1: Lung epithelial cells radiation response and senescence markers. A. Immunohistochemical 
(IHC) staining of ̟-H2Ax foci using an immunoenzymatic DAB staining method (brown color) 
combined with a haematoxylin counterstaining in sham or 10 Gy irradiated mouse lung tissue. B. 
Immunocytochemical (ICC) staining of ̟-H2AX foci (Alexa488 labeled secondary antibody, green 
color) combined with a DAPI nuclear counterstaining (blue color) in sham or 10 Gy irradiated Beas-2B 
lung epithelial cells. C. Upper 4 panels, phase contrast micrographs of Beas-2B lung epithelial cells 
two or four days post sham or 10 Gy irradiation. The 10 Gy condition shows less dense cell culture, a 
more spread cell morphology with enlarged nuclei and increased cytoplasmic surface area. Lower 2 
panels, live/dead - viability/cytotoxicity test. Assay shows live cells as green and dead cells as red. 
Four days after single irradiation dose of 10 Gy shows no increase of Beas-2B cell death. D. Western 
blot (WB) analysis of p53 and p21 on total cell lysates from Beas-2B cells treated with single-fraction 
10 Gy or sham. Total p53 expression is unchanged after irradiation but increase in p53 
phosphorylation is observed at day 1 after treatment and normalizes at day 4. Total expression of 
p21 is increased until day 4. GAPDH and tubulin are used as loading control. 

6.4.2 Impact of irradiated lung epithelial cells breast cancer 
       cell growth and adhesion 
,UUDGLDWHGRUVKDPLUUDGLDWHG%HDV%FHOOVZHUHJURZQLQFRFXOWXUHZLWK7BOXFRU
0'$0%*)3BOXFWULSOHQHJDWLYHEUHDVWFDQFHUFHOOVDQGFDQFHUFHOOJURZWKZDV
PRQLWRUHG E\PHDVXULQJ OXFLIHUDVH DFWLYLWLHV DIWHU  GD\V RI FRFXOWXUH &RFXOWXUH
ZLWK LUUDGLDWHG%HDV% FHOOV VLJQLILFDQWO\ HQKDQFHG WKH UHODWLYH FDQFHU FHOO JURZWK
DQGIROGUHVSHFWLYHO\FRPSDUHGWRFRFXOWXUHZLWKQRQLUUDGLDWHG%HDV%FHOOV
7BOXF VKDP YV *\ s  YV  s  S0'$0%
*)3BOXF VKDP YV  *\  s  YV  s  S
6XSSOHPHQWDU\)LJ6$)LJ$
7R VWXG\ WKH HIIHFW RQ FDQFHU FHOO DGKHVLRQ ZH VHHGHG EUHDVW FDQFHU FHOOV RQ D
PRQROD\HURI%HDV%HSLWKHOLDO FHOOVKRXUVDIWHU LUUDGLDWLRQRU VKDPLUUDGLDWLRQ
&RFXOWXUHZLWKLUUDGLDWHG%HDV%FHOOPRQROD\HUVLJQLILFDQWO\LQFUHDVHGDGKHVLRQRI
ERWK FDQFHU FHOOV DQG IROG UHVSHFWLYHO\ FRPSDUHG WR FRFXOWXUH ZLWK QRQ
LUUDGLDWHG%HDV%FHOOPRQROD\HU7BOXFVKDPYV*\sYV
sS0'$0%*)3BOXFVKDPYV*\sYV
sS6XSSOHPHQWDU\)LJ6%)LJ%
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 6.4.3 Impact of soluble factors derived from irradiated lung  
       epithelial cells on breast cancer cell morphology,  
       growth, migration and extravasation 
7RIXUWKHULQYHVWLJDWHWKHVHHIIHFWVZHFROOHFWHGFRQGLWLRQHGPHGLXPRIQRQLUUDGLDWHG
&0/(DQG LUUDGLDWHG%HDV%FHOOV &0/(B,5 ,QFXEDWLRQRI7BOXFDQG0'$
0%*)3BOXFFHOOVZLWK&0/(B,5VLJQLILFDQWO\ LQFUHDVHGUHODWLYHFHOOJURZWK
DQG IROG UHVSHFWLYHO\ FRPSDUHG WR LQFXEDWLRQ ZLWK &0/( 6XSSOHPHQWDU\ )LJ
6& )LJ & &0/( YV &0/(B,5 7BOXF  s  YV  s 
S0'$0%*)3BOXFsYVsS
)$FWLQVWDLQLQJRIVLQJOHFHOOVUHYHDOHGDPRUHHORQJDWHGPRUSKRORJ\XSRQ&0/(B,5
FRPSDUHG WR &0/( )LJ ' ORZHU SDQHO 7KLV LV VKRZQ E\ DQ LQFUHDVH LQPHDQ
IDFWRU VKDSHRI0'$0%*)3BOXFFHOOV LQFXEDWHGZLWK&0/(B,5 WKLVZDV
IROGKLJKHUFRPSDUHGWRWKH&0/(FRQGLWLRQ&0/(YV&0/(B,5sYV
sS)LJ'XSSHUSDQHO

0RUSKRORJLFDO FKDQJHV VXJJHVW DQ LPSDFW RQ WKH PLJUDWRU\ SRWHQWLDO RI FHOOV 7R
LQYHVWLJDWHWKHHIIHFWRILUUDGLDWHGHSLWKHOLDOFHOOVRQEUHDVWFDQFHUFHOOPLJUDWLRQZH
HPSOR\HG 7UDQV:HOOp FXOWXUH FKDPEHUV VHSDUDWHG LQWR WZR FRPSDUWPHQWV E\
PLFURSRURXVILOWHUV,QWKHORZHUFRPSDUWPHQW&0/(RU&0/(B,5ZDVDGGHGZKLOHRQ
WRS0'$B0%*)3BOXF FHOOV ZHUH VHHGHG $V VKRZQ LQ )LJ ( WKH GLUHFWHG
PLJUDWLRQ RI0'$0%*)3BOXF FHOOVZDV VLJQLILFDQWO\ LQFUHDVHG E\ IROG LQ
WKH FHOOV LQ SUHVHQFH RI &0/(B,5 FRPSDUHG WR WKRVH RI &0/( &0/( YV &0/(B,5
sHOOVYVsFHOOVS

([WUDYDVDWLRQ WKH PLJUDWLRQ RI FDQFHU FHOOV WKURXJK WKH HQGRWKHOLDO ZDOO LQWR WKH
WDUJHWSDUHQFK\PDLVDQRWKHUFULWLFDOVWHSLQPHWDVWDVLV7KLVIXQFWLRQDODFWLYLW\ZDV
ELRPLPLFNHGE\VWXG\LQJGLUHFWHGEUHDVWFDQFHUFHOOPLJUDWLRQWR&0/(RU&0/(B,5
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 WKURXJK D PRQROD\HU RI HQGRWKHOLDO FHOOV 8QGHU &0/(B,5 FRQGLWLRQV IROG PRUH
0'$0%*)3BOXFPLJUDWHG WKURXJK WKH HQGRWKHOLDO OD\HU FRPSDUHG WR &0/(
FRQGLWLRQV&0/(YV&0/(B,5sFHOOVYVsFHOOVS 
)LJ)$UURZKHDGVLQ&0/(SRLQWWRPLJUDWHGFDQFHUFHOOV
6XPPDUL]HGZHKDYHVKRZQWKDWWKHVHFUHWRPHRILUUDGLDWHG%HDV%OXQJHSLWKHOLDO
FHOOV FRQWDLQV IDFWRUV WKDW UHRUJDQL]HEUHDVW FDQFHU FHOOV WR DPRUH HORQJDWHG VKDSH
DQGLQFUHDVHJURZWKPLJUDWLRQDQGH[WUDYDVDWLRQRIWKHFDQFHUFHOOV
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Figure 2. Impact of irradiated lung epithelial cells on breast cancer cell growth and adhesion. A. Box 
plots illustrating the relative cell growth of MDA-MB-231GFP_luc cells. Co-culture of breast cancer 
with irradiated Beas-2B cells increases relative cell growth compared to co-culture with sham treated 
Beas-2B cells. Quantification by bioluminescent imaging after 4 days incubation. Data is represented 
138
 as relative fold change compared with the corresponding control value. MDA-MB-231GFP_luc: n=6; 
***, p<0.001 (Unpaired t-test with Welch's correction). B. Box plots illustrating the relative cell 
adhesion of MDA-MB-231GFP_luc cells. Relative Adhesion of breast cancer cells to irradiated Beas-2B 
cell monolayer is increased compared to sham treated Beas-2B cell monolayer. Quantification by 
bioluminescent imaging after 24 hours incubation. Data is represented as relative fold change 
compared with the corresponding control value. MDA-MB-231GFP_luc: n=15; ***, p<0.0001; circle = 
outlier (Unpaired t-test with Welch's correction). Impact of CMLE_IR on breast cancer cell morphology, 
growth, migration and extravasation. C. Box plots illustrating the relative cell growth of MDA-MB-
231GFP_luc cells. Treatment of breast cancer cells with CMLE_IR increases relative cell growth 
compared to cells treated with CMLE. Quantification by bioluminescent imaging after 4 days 
incubation. Data is represented as relative fold change compared with the corresponding control 
value (CMLE). MDA-MB-231GFP_luc: n=21; ***, p<0.001 (Mann-Whitney-U test). D. Box plots 
illustrating the extent of cell spreading of MDA-MB-231GFP_luc cells in CMLE_IR versus CMLE 
conditions, as quantified by factor shape (upper panel). Treatment with CMLE_IR showed enhanced 
cell spreading, corresponding with the significantly altered cell shapes (lower panel).Fluorescence 
microscopy images of cells double stained with phalloidin for actin filaments (red) and DAPI 
counterstaining for nuclei (blue) after 4 days of incubation with CMLE_IR versus CMLE. n=20; ***, 
p<0.001 (Mann-Whitney-U test). E. Box plots illustrating total migrated cell number of MDA-MB-
231GFP_luc cells in CMLE_IR versus CMLE conditions (upper panel). Nuclei of migrated cells were 
stained blue by DAPI (lower panel). n=12; ***, p<0.001 (Unpaired t-test with Welch's correction). F. 
Box plots illustrating total migrated cell number of MDA-MB-231GFP_luc cells through endothelial 
monolayer in CMLE_IR versus CMLE conditions (upper panel). CMLE_IR enhances breast cancer cell 
extravasation significantly. Endothelial cells were stained red with Vibrant DiI. Extravasated MDA-
MB-231GFP_luc cells are green (lower panel). n=6; **, p=0.0022 (Mann-Whitney-U test). Arrowheads 
indicating GFP positive migrated breast cancer cells

6.4.4 Increased secretion of CXCL12 and MIF by irradiated  
       lung epithelial cells 
7KHFRPSRVLWLRQRI&0/(DQG&0/(B,5ZDVDVVHVVHGWRGHWHUPLQHZKLFKF\WRNLQHV
ZHUH VHFUHWHG E\ QRQLUUDGLDWHG YHUVXV LUUDGLDWHG OXQJ HSLWKHOLDO FHOO 6HPL
TXDQWLWDWLYHUHVXOWVIURPDF\WRNLQHDUUD\VKRZHGWKDW&0/(B,5FRQWDLQHGDWRWDORI
 F\WRNLQHV ZLWK D VLJQDO WKDW H[FHHGHG WKDW RI &0/( FRQGLWLRQ )LJ $
6XSSOHPHQWDU\7DEOH6:HVHOHFWHG WKH&;&/DQG0,)F\WRNLQHV IRU IXUWKHU
VWXG\EHFDXVHRIDKLJKIROGFKDQJHPRUHWKDQIROGDQGDNQRZQUROHLQEUHDVW
FDQFHU PHWDVWDVLV &;&/ DQG 0,) ZKLFK KDG DQ DQG IROG KLJKHU
SUHVHQFH UHVSHFWLYHO\ LQ &0/(B,5 FRPSDUHG WR &0/( 6XSSOHPHQWDU\ 7DEOH
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5HVSRQGLQJ WR IROG FKDQJHV UHODWLYH FKDQJHV UDWKHU WKDQ DEVROXWH FKDQJH LV
LQWULQVLFDOO\ LPSRUWDQW LQ FKHPRNLQH DWWUDFWLRQ DQG FRQVHTXHQWO\ UHJXODWLRQ RI
PHWDVWDVLV4XDQWLWDWLYH(/,6$GDWDVKRZHGWKDWLUUDGLDWHGOXQJHSLWKHOLDOFHOOV
KDG D VHFUHWLRQ RI &;&/ DQG0,) WKDW LV DQG IROG KLJKHU UHVSHFWLYHO\
WKDQ QSQLUUDGLDWHG OXQJ HSLWKHOLDO FHOOV )LJ % &0/( YV &0/(B,5 &;&/
sYVsSJP/FHOOVKS 0,)s
YV s QJP/ FHOOVKS $FFRUGLQJ WRSUHYLRXV OLWHUDWXUH
ERWKF\WRNLQHVPD\DIIHFWPHWDVWDVLV WKURXJKDFWLYDWLRQRI WKH&;&5UHFHSWRURQ
FDQFHUFHOOV:HVWHUQEORWDQDO\VLVFRQILUPHGWKDWFDQFHUFHOOOLQHVWKDWDUHNQRZQ
WRKDYHDQLQYDVLYHSKHQRW\SHKDYHDKLJKHUH[SUHVVLRQRI&;&5N'D)LJ
&'
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Figure 3: Increased secretion of CXCL12 and MIF by irradiated lung epithelial cells. A. Cytokine array 
identifies enhanced presence of CXCL12 and MIF in CMLE_IR compared to CMLE. B. ELISA analysis of 
CXCL12 (upper panel) and MIF (lower panel) on CMLE_IR versus CMLE. For each condition 2 different 
samples were used in triplicate. Values are presented as the mean ± SD. CXCL12: **, p=0.010. MIF: 
**, p=0.004 (Mann-Whitney U test). C. Western blot analysis of CXCR4 expression on total lysate of 
breast cancer cells. Lane 1-5, represents MDA-MB-231GFP_luc (invasive cell line) in different 
conditions (MDA 231: parental MDA-MB-231GFP_luc; MDA 231 I4 D4: MDA 231 cells exposed to 
CMLE_IR for 4 days; MDA 231 C4 D4: MDA 231 cells exposed to CMLE for 4 days; MDA 231 RL 0 Gy: MDA 
231 isolated from non-irradiated mouse lung; MDA 231 RL 10 Gy: MDA 231 isolated from irradiated 
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 mouse lung. Lane 6: SKBR3 (non-invasive cell line). Lane 7: MDA-MB-231H2N (invasive cell line). Lane 
8: MDA-MB-453 (invasive cell line). Lane 9: MCF 10A (non-invasive cell line). Lane 10: MCF7/6 (non-
invasive cell line). D. Quantitative analysis CXCR4 protein expression level. Western blot analysis of 
CXCR4 protein expression in different breast cancer cell lines after tubulin normalization. Protein 
levels relative to control, MDA-MB-231GFP_luc. 

6.4.5 Effect of recombinant CXCL12 and MIF on breast  
       cancer cell growth and migration 
7R YHULI\ LI &;&/ DQG 0,) PD\ FRQWULEXWH WR WKH HIIHFWV REVHUYHG ZLWK WKH
VHFUHWRPH RI LUUDGLDWHG FHOOV WKH UHFRPELQDQW IRUPV ZHUH VXSSOHPHQWHG WR WKH
VHFUHWRPHRIQRQLUUDGLDWHGFHOOVDQGXVHGWRDVVHVVWKHIXQFWLRQDOLPSDFWRQFDQFHU
FHOOV&0/(VXSSOHPHQWHGZLWKUHFRPELQDQW&;&/RU0,)LQGXFHGDQLQFUHDVHLQ
FHOO JURZWK DV GHPRQVWUDWHG IRU0'$0%*)3BOXF FHOOV )LJ $ &0/( YV
&0/(&;&/sYVsS&0/(YV&0/(0,)
sYVsSDQGLQGXFHGDQLQFUHDVHLQFHOOPLJUDWLRQ
DIWHU WUHDWPHQW ZLWK &;&/ )LJ % &0/( YV &0/(  &;&/  s
YVsS ([SHULPHQWVZLWK0,)GLGQRWVKRZVLJQLILFDQW
GLIIHUHQFHVLQFDQFHUFHOOPLJUDWLRQGDWDQRWVKRZQ
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Figure 4: Effect of recombinant CXCL12 and MIF on breast cancer cell growth and migration. A. Box 
plots illustrating the relative cell growth of MDA-MB-231GFP_luc cells. Treatment of breast cancer 
cells with CXCL12 (50 ng/mL) or MIF (50 ng/mL) increases relative cell growth compared to control. 
Quantification by bioluminescent imaging after 4 days incubation. Data is represented as relative fold 
change compared with the corresponding control value (CMLE). n=6; ***, p<0.001 (Unpaired t-test). 
B. Box plots illustrating difference in total migrated cell number of MDA-MB-231GFP_luc cells treated 
with CXCL12 (50 ng/mL) (upper panel). Nuclei of migrated cells were stained blue with DAPI (lower 
panel) n=6; *, p=0.038 (Unpaired t-test). 
 

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6.4.6 Allosteric targeting of CXCR4 receptor reversed 
       paracrine effect induced by irradiated epithelial cells 
7R LQYHVWLJDWH ZKHWKHU WKH REVHUYHG HIIHFWV GHSHQG RQ DFWLYDWLRQ RI WKH &;&5
UHFHSWRU$0'DQDOORVWHULFLQKLELWRURI&;&5UHFHSWRUZDVXVHG$GGLWLRQRI
$0'UHYHUVHGWKHSURPHWDVWDVLVDVVRFLDWHGHIIHFWVRI&0/(B,5VXFKDVUHODWLYH
FHOOJURZWK)LJ$&0/(B,5YV&0/(B,5$0'sYVs
3UHODWLYHDGKHVLRQ)LJ%&0/(B,5YV&0/(B,5$0'
 s  YV  s  S PLJUDWLRQ DQG H[WUDYDVDWLRQ RI EUHDVW
FDQFHUFHOOV)LJ&	'0LJUDWLRQ&0/(B,5YV&0/(B,5$0's
FHOOVYVsFHOOVS H[WUDYDVDWLRQ&0/(B,5YV&0/(B,5
$0'  s  FHOOV YV  s  FHOOV S  )XUWKHUPRUH
$0'WUHDWPHQWSDUWLDOO\UHYHUVHG&0/(B,5LQGXFHGPRUSKRORJLFDOFKDQJHVDV
PHDVXUHG E\ IDFWRU VKDSH )LJ ( &0/(B,5 YV &0/(B,5  $0'  s
YVsS 
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Figure 5: Effect of an allosteric CXCR4 inhibitor on breast cancer cell growth and migration. A. Box 
plots illustrating the relative cell adhesion of MDA-MB-231GFP_luc cells. Treatment of breast cancer 
cells with AMD3100 (10 ђM) decreases relative cell adhesion to irradiated Beas-2B cell monolayer.
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n=12; ***, P<0.001(Unpaired t-test with Welch's correction). B. Box plots illustrating the relative cell 
growth of MDA-MB-231GFP_luc cells. Treatment of breast cancer cells with AMD3100 (10 ђM) 
decreases relative cell growth in presence of CMLE-IR. (Unpaired t-test with Welch's correction). n=15; 
***, p<0.001 (Unpaired t-test). In C. and D., quantification by bioluminescent imaging after 4 days 
incubation. Data is represented as relative fold change compared with the corresponding control 
value. C. Box plots illustrating impact of AMD3100 (10 ђM) on total migrated cell number of MDA-
MB-231GFP_luc cells stimulated by CMLE-IR. Nuclei were stained blue with DAPI (lower panel). n=9; 
**, p=0.009 (Unpaired t-test with Welch's correction). D. Box plots illustrating total transendothelial 
migrated cell number of MDA-MB-231GFP_luc cells stimulated by CMLE-IR in presence of AMD3100 
(10 ђM) or control. n=6; *, p=0.017 (Mann-Whitney U test). E. Box plots illustrating the extent of 
CMLE-IR –induced cell spreading of MDA-MB-231GFP_luc cells treated with AMD3100 (10 ђM) versus 
control, as quantified by factor shape (upper panel). Fluorescence microscopy images of cells double 
stained with phalloidin for actin filaments (red) and DAPI counterstaining for nuclei (blue) (lower 
panel). n=20; **, p=0.004 (Mann-Whitney U test). 

6.4.7 Paracrine activation of ERK, Akt and STAT3 in breast 
       cancer cells by CMLE_IR and recombinant CXCL12  
&0/(B,5DFWLYDWHGPXOWLSOH&;&5GHSHQGHQWGRZQVWUHDPFDVFDGHVOLNH(5.$NW
DQG67$7LQ0'$0%*)3BOXFFHOOV)LJ$7KHVHSDWKZD\VDUHLQYROYHG
LQ PHGLDWLQJ FHOOXODU SUROLIHUDWLRQ VXUYLYDO PLJUDWLRQ WUDQVIRUPDWLRQ DQG
GLIIHUHQWLDWLRQ,QDJUHHPHQWDGGLWLRQRIUHFRPELQDQW&;&/RU0,)VWLPXODWHG
$NW(5.DQG67$7DFWLYDWLRQDOWKRXJKDQHTXDOFRQFHQWUDWLRQRI0,)VKRZHGD
VPDOOHULQFUHDVHWKDQ&;&/)LJ$6XSSOHPHQWDU\)LJ6$
1H[W ZH H[DPLQHG WKH LPSDFW RI 7UDPHWLQLE DQG $0' RQ &0/(B,5LQGXFHG
(5. $NW DQG 67$7 DFWLYDWLRQ 3UHYLRXV OLWHUDWXUH VKRZHG WKDW WULSOHQHJDWLYH
EUHDVW FDQFHU FHOOV DUH WKH PRVW VHQVLWLYH IRU WUHDWPHQW ZLWK 0(. LQKLELWRU
1DQRPRODUFRQFHQWUDWLRQVRI7UDPHWLQLEDQDOORVWHULF0(.LQKLELWRUFRPSOHWHO\
EORFNHG&0/(B,5 LQGXFHG(5.DFWLYDWLRQ )LJ %6XSSOHPHQWDU\)LJ 6%ZLWK
QR LPSDFW RQ $NW RU 67$7 DFWLYDWLRQ 6LPLODU HIIHFWV ZHUH REVHUYHG ZKHQ
FRPELQLQJUHFRPELQDQW&;&/RU0,)ZLWK7UDPHWLQLE)LJ&'6XSSOHPHQWDU\
)LJ 6&' ,Q DFFRUGDQFH ZLWK WKH IXQFWLRQDO H[SHULPHQWV $0' GHFUHDVHG
&0/(B,5LQGXFHG$NWDQG67$7SDWKZD\DFWLYDWLRQDPLQRULPSDFWRQS(5.ZDV
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 REVHUYHG LQ WKH FDQFHU FHOOV H[SRVHG ZLWK &0/(B,5  $0' FRPSDUHG WR
&0/(B,5 DORQH )LJ % 7KHVH HIIHFWV ZLWK $0' DUH OHVV SURQRXQFHG ZKHQ
&0/( LVFRPELQHGZLWKUHFRPELQDQW&;&/DQG0,))LJ&'6XSSOHPHQWDU\
)LJ6&'
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Figure 6: Paracrine activation of ERK, Akt and STAT3 in breast cancer cells by CMLE_IR and 
recombinant CXCL12. A-D. Western blot analysis of pERK, pAkt and pSTAT3 in MDA-MB-
231GFP_luc cells treated with recombinant CXCL12 (50 ng/mL) or MIF (50 ng/mL) A. CMLE, 
CMLE_IR, in the presence of AMD3100 (10 ђM) or Trametinib (50 nM) B. Recombinant 
CXCL12 (50 ng/mL) C. or MIF (50 ng/mL) D. in presence of AMD3100 (10 ђM) or Trametinib 
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 (50 nM) Tubulin is used as loading control. All data are representative of at least three 
independent experiments. 
 
6.4.8 Impact of partial lung irradiation on lung-specific  
       breast cancer metastasis in a syngeneic mouse  
       model. 
$V\QJHQHLFRUWKRWRSLFWULSOHQHJDWLYHEUHDVWFDQFHUPRGHO7BOXFZDVGHYHORSHG
WR VWXG\ WKH LPSDFWRI LUUDGLDWLRQRI WKH OXQJRQ WKH IRUPDWLRQRI OXQJPHWDVWDVLV
3DWLHQWVWXGLHVVKRZHGWKDWDSSUR[LPDWHO\RIWKHWRWDOOXQJYROXPHLVLUUDGLDWHG
GXULQJEUHDVWFDQFHU57ZLWKDPHDQ OXQJGRVHRI*\ $OOJURXSVRIPLFH
UHFHLYHG&7VFDQUDGLDWLRQIRUWKHORFDOL]DWLRQRIOXQJWLVVXHLQWKHVKDPWUHDWPHQW
JURXS QR IXUWKHU LUUDGLDWLRQ ZDV SHUIRUPHG WKH :7 JURXS UHFHLYHG D  *\
LUUDGLDWLRQWRWKHZKROHWKRUD[WKH35/JURXSSDUWLDOULJKWOXQJUHFHLYHGD*\
LUUDGLDWLRQ WR DSSUR[LPDWHO\ PP SDUW  RI WRWDO YROXPH RI WKH ULJKW OXQJ
6XSSOHPHQWDU\)LJXUH66 7BOXFFHOOV [ZHUHRUWKRWRSLFDOO\ LQMHFWHG
KRXUVDIWHULUUDGLDWLRQ1HLWKHU:7QRU35/LUUDGLDWLRQGLGVLJQLILFDQWO\LPSDFW
SULPDU\WXPRUJURZWK)LJ$VKDPYV:7YV35/sPPYVs
 PP YV  s PP )RXU ZHHNV DIWHU RUWKRWRSLF 7BOXF EUHDVW FDQFHU
LQRFXODWLRQ DOO OXQJV ZHUH SUHOHYDWHG DQG ELROXPLQHVFHQW DFWLYLW\ LQ WKH VHSDUDWH
OXQJVZDV FRPSDUHG EHWZHHQ WKH WKUHH JURXSV0LFHZKLFK UHFHLYHG D *\35/
LUUDGLDWLRQ VKRZHGPRUH ELROXPLQHVFHQW VLJQDO DQG WKXV PRUH PHWDVWDVLV LQ HDFK
OXQJFRPSDUHGWR:7LUUDGLDWHGRUVKDPWUHDWHGPLFH)LJ%,QDGGLWLRQZKHQ
RQO\ ELROXPLQHVFHQW VLJQDO RI WKRVH OXQJV ZLWK DFWLYLW\ ZHUH LQFOXGHG ZH REVHUYHG
VLJQLILFDQWO\KLJKHUVLJQDOVLQWKHULJKWOXQJRI35/LUUDGLDWHGPLFHFRPSDUHGWRWKH
ULJKWOXQJRIVKDPWUHDWHGPLFHVXJJHVWLQJPRUHPHWDVWDWLFJURZWKS )LJ
&6XSSOHPHQWDU\)LJ 6 D VLPLODU WUHQGZDV REVHUYHG IRU WKH OHIW OXQJEXWQR
VLJQLILFDQW YDOXH ZDV UHDFKHG 6HPLTXDQWLWDWLYH KLVWRORJLFDO H[DPLQDWLRQ RI
PHWDVWDWLF OXQJ WLVVXH GHPRQVWUDWHG PRUH DQG ODUJHU PHWDVWDVLV LQ PLFH UHFHLYLQJ
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35/ LUUDGLDWLRQ FRPSDUHG WR VKDP RU :7 )LJ ' DV LOOXVWUDWLRQ )LJ (
TXDQWLILFDWLRQ7KLVZDVFRQILUPHGE\TXDQWLWDWLYHO\DQDO\]LQJWKHWRWDOPHWDVWDWLF
DUHD EHWZHHQ WKH JURXSV ,Q VKDP JURXSV DQ DYHUDJHPHWDVWDWLF DUHD RI ZDV
UHDFKHGFRPSDUDEOHWRWKH:7LUUDGLDWHGJURXSZLWKDQDYHUDJHDUHDRI%RWK
JURXSVDUHUHPDUNDEO\EXWQRW VLJQLILFDQWO\ ORZHUWKDQWKH35/LUUDGLDWHGJURXS
ZLWKDWKUHHIROGLQFUHDVHRIPHWDVWDWLFDUHD)LJ(0RUHRYHUFRPSDULQJ
WRWDOOXQJELROXPLQHVFHQWVLJQDOVLJQDOULJKWDQGOHIWOXQJDVRQHVKDPWUHDWHGPLFH
VWLOOKDGWKHORZHVWVLJQDOEXW:7LUUDGLDWHGPLFHDQG35/LUUDGLDWHGPLFHVKRZHGD
DQGIROGLQFUHDVHUHVSHFWLYHO\LQVLJQDO)LJ)
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Figure 7: Impact of partial lung irradiation on lung-specific breast cancer metastasis in a syngeneic 
mouse model. A. 4 week old BALB/c female mice were injected orthotopically with 1 x 106 4T1_luc 
cells in 0.1 mL of serum free DMEM with 50% Matrigel. Tumor formation was monitored for 28 days 
by caliper measurement. Tumor volumes were measured as indicated. Sham and WT IR: n=6 and PRL: 
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n=5. B-C & F. 28 days after implantation of the cells, mice were sacrificed and total lung metastasis 
was quantified by bioluminescent imaging. Lung were quantified separately (B & C) or as one (F). 
Sham and WT: LL and RL, n=6 and PRL: LL and RL, n=5 (B). Only lungs containing metastasis were 
quantified, showing significant increase in signal in right lung of PRL mice. Sham: LL, n=5; RL, n=4; 
WT: LL, n=4; RL, n=5; PRL: LL, n=4; RL, n=4; *; p=0.043 (Man-Whitney U test) (C). D. H&E staining of 
lungs from indicated groups. The metastatic areas are encircled (black). E. Quantification of the 
percentage of lung metastatic area calculated per mouse. Sham and WT: n=6 and PRL: n=5. 
6.5 Discussion 
%HFDXVH RI WKH DEVHQFH RI RHVWURJHQ SURJHVWHURQH DQG +(5 UHFHSWRU WULSOH
QHJDWLYHEUHDVWFDQFHUVDUHQRWFXUDEOHZLWKKRUPRQDOWUHDWPHQWDQG+(5WDUJHWHG
WKHUDSLHV 6WDQGDUGPDVWHFWRP\ RU EUHDVW FRQVHUYLQJ VXUJHU\ZLWK DGMXYDQW UDGLR
DQG FKHPRWKHUDS\ LV XVHG DV D VWDQGDUG WR WUHDW WKHVH SDWLHQWV  3RVWRSHUDWLYH
UDGLRWKHUDS\RIEUHDVWFDQFHUUHGXFHVWKHULVNRIORFDOUHFXUUHQFHDQGPRUWDOLW\DIWHU
ERWK FRQVHUYDWLYH VXUJHU\ DQG PDVWHFWRP\  'HVSLWH UHFHQW HIIRUWV WR GHFUHDVH
LUUDGLDWLRQYROXPHVDQGLPSURYHGLUUDGLDWLRQWHFKQLTXHVODWHFDUGLDFDQGSXOPRQDU\
WR[LFLW\ GRHV VWLOO RFFXU DIWHU EUHDVW LUUDGLDWLRQ  7KH LPSOLFDWLRQV RI WKLV
SXOPRQDU\ LQMXU\ IRU OXQJPHWDVWDVLV DUH XQFOHDU $ UDQGRPL]HG WULDO LQ KLJKULVN
SRVWPDVWHFWRP\SDWLHQWVVKRZHGWKDWWKHORQJWHUPSUREDELOLWLHVRIOXQJPHWDVWDVHV
DUH VLJQLILFDQWO\ ORZHU LQ WKH LUUDGLDWHG 57 SDWLHQWV FRPSDUHG WR QRQLUUDGLDWHG
QR57SDWLHQWV,QWHUHVWLQJO\GLVWDQWPHWDVWDVLVDVILUVWIDLOXUHLQGHSHQGHQWIURP
ORFDO UHODSVH ZDV  LQ WKH 57 JURXS FRPSDUHG WR  LQ WKH QR57 JURXS
VXJJHVWLQJ WKDW OXQJ PHWDVWDVHV GR QRW QHFHVVDULO\ RFFXU DIWHU ORFDO UHODSVH
$OWKRXJKLWLVJHQHUDOO\DVVXPHGLQWKLVFDVHWKDWPLFURPHWDVWDVLVLQWKHOXQJVZHUH
SUHVHQWEHIRUHEUHDVWFDQFHUZDVWUHDWHGDQGDOWHUQDWLYHO\DGPLWWHGO\SURYRFDWLYH
K\SRWKHVLV LV WKDW UDGLDWLRQLQGXFHG FROODWHUDO GDPDJH RI WKH OXQJ LQIOXHQFHV OXQJ
VSHFLILFPHWDVWDVLV0HWDVWDVLVFDQEHDQHDUO\HYHQWDQGVWD\XQGHWHFWHGDWWKHWLPH
RI GLDJQRVLV  3DWLHQWV SUHVHQWLQJ ZLWK PLFURPHWDVWDVLV UHFHLYH UDGLRWKHUDS\
ZKLFKFDQVWLPXODWHPHWDVWDWLFJURZWK7KHGLIIHUHQFHLQRXULQYLYRPRGHOLVWKDW
ZH ILUVW LUUDGLDWHG WKH OXQJ DQG ZDLWHG IRU PHWDVWDVLV WR JURZ 2XU PRGHO LV QRW
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 UHOHYDQW IRU WKH HIIHFW RI LRQL]LQJ UDGLDWLRQ RQ DOUHDG\ HVWDEOLVKHGPLFURPHWDVWDVLV
EHFDXVHZHJUDIW V\QJHQHLFEUHDVWFDQFHUFHOOVDIWHU LRQL]LQJUDGLDWLRQ:H LUUDGLDWH
SDUWRI WKH ULJKW OXQJJUDIW V\QJHQHLFEUHDVW FDQFHU FHOOVDQG VWXG\ WKH LPSDFWRQ
VSRQWDQHRXVOXQJPHWDVWDVLVIRUPDWLRQ/XQJLUUDGLDWLRQKDVQRLPSDFWRQRUWKRWRSLF
WXPRUJURZWK+RZHYHUZHREVHUYHPRUHDQGELJJHUPHWDVWDWLFIRFLLQWKHOXQJVRI
35/PLFH ZKLFK FDQ EH FDXVHG E\ LQFUHDVHG DWWUDFWLRQ RI FLUFXODWLQJ FDQFHU FHOOV
DQGRUVWLPXODWLRQRIFDQFHUFHOOUHOHDVHIURPWKHSULPDU\WXPRUDQGRUSUHSDUDWLRQ
RIWKHPHWDVWDWLFQLFKHSURPRWLQJDGKHVLRQDQGFRORQL]DWLRQRIEUHDVWFDQFHUFHOOV
%UHDVW FDQFHU SDWLHQWV ZKR GLG UHFHLYH SRVWPDVWHFWRP\ UDGLRWKHUDS\ VKRZHGPRVW
RIWHQ GLVWDQWPHWDVWDVLV DV ILUVW VLWH RI IDLOXUH LQ FRQWUDVW WR SDWLHQWVZKR GLG QRW
UHFHLYH SRVWPDVWHFWRP\ UDGLRWKHUDS\ KHUH ORFRUHJLRQDO UHODSVH DQG GLVWDQW
PHWDVWDVLVDVILUVWVLWHRIIDLOXUHZHUHHTXDOO\FRPPRQ6WXGLHVXVLQJSRVWPRUWHP
VDPSOLQJV VKRXOG EH GHVLJQHG WR LQYHVWLJDWH D SRWHQWLDO UHODWLRQVKLS EHWZHHQ
FROODWHUDO OXQJUDGLDWLRQGDPDJHDQG OXQJPHWDVWDVLV LQEUHDVWFDQFHUSDWLHQWV7KH
OLWHUDWXUHSURYLGHVQROHYHORQHHYLGHQFHEHFDXVHQRUDQGRPL]HGWULDOVKDYHEHHQGRQH
FRUUHODWLQJWKHGRVHLQGLFHVRILUUDGLDWHGOXQJYROXPHVZLWKOXQJVSHFLILFPHWDVWDVLVLQ
EUHDVWFDQFHU$FOLQLFDOVWXG\ZLWKEUHDVWFDQFHUSDWLHQWVXQGHUJRLQJSRVWRSHUDWLYH
UDGLDWLRQ WKHUDS\ RI  *\ DW  *\IUDFWLRQ  GD\VZHHN VKRZHG WKDW WKH
SXOPRQDU\UHJLRQUHFHLYHGDPHDQOXQJGRVHRIDSSUR[LPDWHO\*\,IPRUHWKDQ
D[LOODU\O\PSKQRGHVZHUHDIIHFWHGDVXSUDFODYLFXODUILHOGZDVDGGHGZLWKHTXDOGRVH
DQG IUDFWLRQDWLRQ UHVXOWLQJ LQ D KLJKHU PHDQ SXOPRQDU\ GRVH RI  *\ 7KLV
FROODWHUDOLUUDGLDWLRQWRWKHOXQJVUHVXOWHGLQUHGXFHGSXOPRQDU\IXQFWLRQLQWKHILUVW
WZR\HDUVDIWHUWKHSRVWRSHUDWLYHUDGLRWKHUDS\
+LVWRQH+$;SKRVSKRU\ODWLRQ LVD UHFRJQL]HGPDUNHURI'1$GDPDJH LHGRXEOH
VWUDQGEUHDNV7KHPDQQHUKRZ'1$UHVSRQGVWRUDGLDWLRQGDPDJH LQGLFDWHGE\
̟+$;IRFLKDVEHHQLQYHVWLJDWHGLQPRXVHPRGHOVUHFHLYLQJWKRUDFLFUDGLDWLRQDQG
VKRZQWREHFRUUHODWLYHZLWKILEURVLVLQGLVWUHVVHGPLFH,QRXUH[SHULPHQWVVKDP
LUUDGLDWHG OXQJWLVVXHVHFWLRQVRI%$/%FPLFHZHUHDOPRVWFRPSOHWHO\QHJDWLYH IRU
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̟+$;IRFLZKHUHDV*\WKRUDFLFLUUDGLDWLRQUHVXOWHGLQDPDVVLYHLQFUHDVHLQWKH
QXPEHU RI SXOPRQDU\ QXFOHL ZLWK ̟+$; IRFL WKURXJKRXW WKH WLVVXH VHFWLRQV
LUUHVSHFWLYHRIFHOOW\SH ,QYLWURH[SHULPHQWDWLRQRQ OXQJHSLWKHOLDOFHOOVWKHPDMRU
SXOPRQDU\ FHOO W\SH UHYHDOHG SRWHQW +$; DQG S UHVSRQVHV WR UDGLDWLRQ ZKLFK
FRLQFLGHGZLWKPRUSKRORJLFDO FKDQJHV LQGXFWLRQ RI FHOOXODU VHQHVFHQFHPDUNHUV DQG
DQ HQKDQFHG VHFUHWLRQ RI PXOWLSOH FKHPRNLQHV DQG JURZWK IDFWRUV *XQMDO HW DO
GHPRQVWUDWHGWKDWRYDULDQFDQFHUFHOOVUHVSRQGLQJWRKHDWVHQVLWLYHFKHPRDWWUDFWDQWV
UHOHDVHG IURP LUUDGLDWHG RUJDQV LQFOXGLQJ WKH OXQJ DUH PRUH PLJUDWRU\ DQG
PHWDVWDWLF 2XU LQ YLWUR LUUDGLDWLRQ H[SHULPHQW FRQILUPHG WKH LQFUHDVHG UHOHDVH RI
&;&/ DQG 0,) XSRQ LUUDGLDWLRQ 7KH KHDWVHQVLWLYH FKHPRNLQHV &;&/ DQG
0,) ERWK NQRZQ WR SURPRWH EUHDVW FDQFHU PHWDVWDVLV VKRZHG WKH KLJKHVW IROG
FKDQJHLQVHFUHWLRQE\LUUDGLDWHGOXQJHSLWKHOLDOFHOOVFRPSDUHGWRFRQWUROZKLFKZDV
FRQILUPHG LQ RXU VWXG\  7KH LUUDGLDWLRQ FDXVHG LQGXFWLRQ RI D PHWDVWDVLV
UHFHSWLYHPLFURHQYLURQPHQWWKDWSURPRWHV WUDIILFNLQJDQGKRPLQJRIFDQFHUFHOOV WR
WKHOXQJ2QFHWKHFHOOVDUULYHLQWKHOXQJDQLQFUHDVHGOHYHORI&;&/DQG
0,)UHWDLQWKHEUHDVWFDQFHUFHOOVLQOXQJDQGSURYLGHVLWZLWKVXUYLYDODQGJURZWK
IDFWRUVVRPHWDVWDWLFJURZWKLVHQKDQFHG,WLVQRWNQRZQZKHWKHU&;&/DQG
0,)DUH LQFUHDVHG LQ OXQJV RI LUUDGLDWHGEUHDVW FDQFHUSDWLHQWVEXW IXWXUH UHVHDUFK
FRXOGLQYHVWLJDWHWKHVSXWXPVHUXPRUXULQHRIEUHDVWFDQFHUSDWLHQWVLQWKHDFXWHRU
ORQJWHUPUHVSRQVHWRUDGLDWLRQ0¾OOHUDQGFRZRUNHUVZHUHWKHILUVWWRGHPRQVWUDWH
&;&5PHGLDWHGPHWDVWDVLVRIEUHDVWFDQFHUFHOOVWR&;&/ULFKHQYLURQPHQWVOLNH
ERQHPDUURZEUDLQ OXQJVDQGOLYHU(OHYDWHG&;&5H[SUHVVLRQLQEUHDVWFDQFHU
FHOOV QHJDWLYHO\ FRUUHODWHV ZLWK RYHUDOO VXUYLYDO DQG GLVHDVHIUHH VXUYLYDO LQ EUHDVW
FDQFHU SDWLHQWV DQG LV FRUUHODWHG ZLWK PDOLJQDQW EUHDVW VWHP FHOO DFWLYLW\ 
7DUJHWLQJ WKLV SDWKZD\ FRXOG WKXV EH D SURPLVLQJ WKHUDSHXWLF DGGLWLRQ WR
UDGLRWKHUDS\ 7R LQYHVWLJDWH WKLV ZH XVHG DQ DOORVWHULF LQKLELWRU RI &;&5
$0'RU3OHUL[DIRUp$0'ZDVRULJLQDOO\GHYHORSHGIRU+,9WUHDWPHQWDQG
LV QRZDGD\V XVHG LQ FRPELQDWLRQZLWK*&6) DV D VWHP FHOOPRELOL]HU LQ SDWLHQWV
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 ZLWKPXOWLSOHP\HORPD DQG O\PSKRPD 2XU FRFXOWXUH ILQGLQJV VKRZHG WKDW
WUHDWPHQWRIEUHDVWFDQFHUFHOOVZLWK$0'EORFNVWKHIXQFWLRQDODQGELRFKHPLFDO
HIIHFWVLQGXFHGE\WKHVHFUHWRPHRILUUDGLDWHGHSLWKHOLDOFHOOV1HYHUWKHOHVVWKHWR[LF
HIIHFWV RI$0' LQ ORQJWHUP WUHDWPHQW OLPLWV LWV FOLQLFDO SRWHQWLDO+RZHYHU
3HQJHWDOLGHQWLILHGDVPDOOF\FOLFSHSWLGH/<WKDWLQKLELWV&;&/DQG
&;&5LQWHUDFWLRQDQGGRZQVWUHDPVLJQDOLQJDQGIXQFWLRQ&XUUHQWO\WKLVSHSWLGHLV
LQFOXGHG LQFOLQLFDOWULDOVRQSDWLHQWVZLWKDGYDQFHGFDQFHU7KH&;&/SHSWLGH
DQDORJ&7&(LQKLELWVOXQJPHWDVWDVLVLQPRXVHPRGHOVDQGWHVWVLQSKDVH
,,,FOLQLFDOWULDOVLQFDQFHUSDWLHQWVVKRZHGQRPDMRUDGYHUVHHIIHFWV)XUWKHUPRUH
WKH DQWL&;&/ DSWDPHU 12;$ LQKLELWV EUDLQ WXPRU UHFXUUHQFHV DIWHU
LUUDGLDWLRQ LQ UDWV 3RWHQWLDOO\ IDYRUDEOH FROODWHUDO LQKLELWLRQ RI WKH &;&5
&;&/D[LVPD\SUHYHQWOXQJILEURVLVLPSURYLQJWKHTXDOLW\RIOLIHLQEUHDVWFDQFHU
SDWLHQWV
:HDUHQRWWKHILUVWWRUHSRUWUDGLRWKHUDS\VWLPXODWHGUHODSVHLQSUHFOLQLFDOPRGHOV
2KXFKLGDHWDOUHSRUWHGWKDWLUUDGLDWLRQRIVWURPDOSDQFUHDWLFILEUREODVWLQFUHDVHG
LQYDVLYHQHVV RI SDQFUHDWLF FDQFHU FHOO E\ XSUHJXODWLQJ F0HW SKRVSKRU\ODWLRQ DQG
0$3. DFWLYLW\ ,UUDGLDWLRQ RI PRXVH HPEU\R ILEUREODVWV VWLPXODWHV FDQFHU FHOO
UHSRSXODWLRQ LQ FHOO FXOWXUH DQG [HQRJUDIW PRGHOV 7KLV HIIHFW LV ORVW ZKHQ WKH
ILEUREODVWVDUHGHILFLHQW IRU FDVSDVHDNH\H[HFXWLRQHURISURJUDPPHGFHOOGHDWK
0RUHRYHUUDGLRWKHUDS\LVQRWXQLTXHLQLQGXFLQJSURPHWDVWDWLFHIIHFWVLQSUHFOLQLFDO
PRGHOV &RPSDUDWLYH DQDO\VLV RI PDWFKHG FRORUHFWDO FDQFHU VSHFLPHQV VKRZV WKDW
QHRDGMXYDQW FKHPRWKHUDS\ UHVXOWV LQ LQFUHDVHG SUHVHQFH RI SURLQYDVLYH ̝60$
SRVLWLYH &$)V FDQFHU DVVRFLDWHG ILEUREODVW 0RQQLHU HW DO GHPRQVWUDWHG WKDW
DIWHULUUDGLDWLRQRIWKHVWURPDOEHGRUDOVTXDPRXVFHOOFDUFLQRPDVVKRZHGLQFUHDVHG
LQYDVLRQ DQGPHWDVWDVLV WKURXJK WKHPDWULFHOOXODU SURWHLQ &<5 ,UUDGLDWLRQ DOVR
KDVDQHIIHFWRQ9(*)SURGXFWLRQDQGORFDODQJLRJHQHVLVZKLFKILQDOO\FRQWULEXWHVWR
PHWDVWDVLVIRUPDWLRQ

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2XU UHVXOWV ZDUUDQW IXUWKHU LQYHVWLJDWLRQ RI WKH SRWHQWLDO SURPHWDVWDWLF HIIHFWV RI
UDGLDWLRQ DQG LQGLFDWH WKH QHHG WR GHYHORS HIILFLHQW GUXJV ZKLFK FDQ EH FRPELQHG
HIILFLHQWO\ ZLWK UDGLRWKHUDS\ LQ RUGHU WR SUHYHQW WKHUDS\LQGXFHG VSUHDG RI FDQFHU
FHOOV1HYHUWKHOHVVWKHPRVWHIILFLHQWDQGVLPSOHVROXWLRQLVWRSUHYHQWQRUPDOWLVVXH
LUUDGLDWLRQ,QEUHDVWFDQFHUWKHFDUGLRSXOPRQDU\UHJLRQFDQEHVSDUHGRIKLJKGRVHV
E\XVLQJPXOWLEHDPLQWHQVLW\PRGXODWHGUDGLRWKHUDS\RUDUFWHFKQLTXHVEXWRIWHQDW
WKH FRVW RI D ORZ GRVH VSUHDG ,UUDGLDWLQJ WKH EUHDVW ZKHQ SDWLHQWV DUH LQ SURQH
LQVWHDG RI VXSLQH SRVLWLRQ KDV EHHQ VKRZQ WR VSHFWDFXODUO\ LPSURYH DOO OXQJ GRVH
YROXPHLQGLFHV

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 6.7  Supplementary data 
6.7.1  Supplementary figures 
Supplementary Figure S1: Lung epithelial cells radiation response and senescence markers. A. 
Quantification of p21 protein expression level in irradiated and non-irradiated Beas-2B lysates made 
1 and 4 days after treatment. Quantification normalized according the tubulin protein expression 
level. Protein levels relative to control, Beas-2B sham day 1. B. Quantification of Pp53 and p53 
protein expression level in irradiated and non-irradiated Beas-2B of lysates made 1 and 4 days after 
treatment. The ratio Pp53/p53 is shown in the graph. Quantification is normalized according the 
GAPDH protein expression level. Protein levels relative to control, Beas-2B sham day 1.
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Supplementary Figure S2: Impact of irradiated lung epithelial cells on 4T1_luc breast cancer cell 
adhesion and growth. A. Box plots illustrating the relative cell growth of 4T1_luc cells . Co-culture of 
breast cancer cells with irradiated Beas-2B cells increases relative cell growth compared to co-culture 
with sham treated Beas-2B cells. Quantification by bioluminescent imaging after 4 days of 
incubation. Data is represented as relative fold change compared with the corresponding control 
value. 4T1_luc: n=6; ***, p<0.001 (Unpaired t-test with Welch's correction). B. Box plots illustrating 
the relative cell adhesion of 4T1_luc cells. Relative adhesion of breast cancer cells to irradiated Beas-
2B cell monolayer is increased compared to sham treated Beas-2B cell monolayer. Quantification by 
bioluminescent imaging after 24 hours incubation. Data is represented as relative fold change 
compared with the corresponding control value. 4T1_luc: n=10; ***, p<0.001. (Unpaired t-test with 
Welch's correction). C. Box plots illustrating the relative cell growth of 4T1_luc cells. Treatment of 
breast cancer with CMLE_IR increases relative cell growth compared to cells treated with CMLE. 
Quantification by bioluminescent imaging after 4 days incubation. Data is represented as relative fold 
change compared with the corresponding control value (CMLE). 4T1_luc: n=18; ***, p<0.001 (Mann-
Whitney-U test). 
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Supplementary Figure S4: Quantification pAkt/Akt, pSTAT3/STAT3 and pERK/ERK. Western blot 
analysis of the ratio pAkt/Akt, pSTAT3/STAT3 and pERK/ERK protein expression after tubulin 
normalization Protein levels relative to control MDA-MB-231GFP_luc cells exposed to CMLE. All data 
are representative of at least three independent experiments. For Western blot visualisation see 
Figure 6. 
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Supplementary Figure S4.  In vivo experiment set up 

 
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Supplementary Figure S5: SARRP protocol. A. SARRP protocol partial right lung irradiation. Accurate 
irradiation of the mouse was achieved by making an image of the lung by cone beam CT. Treatment 
isocenter was indicated on CT. Next, we mark the different kinds of tissue (segmentation) and the 
SARRP software calculates the mouse-specific dose. B. SARRP protocol whole thorax irradiation. 
Accurate irradiation of the mouse was achieved by making an image of the lung by cone beam CT. 
Treatment isocenters were indicated on CT. Next, we mark the different kinds of tissue 
(segmentation) and the SARRP software calculates the mouse-specific dose. C. Visualization isocenter 
partial lung irradiation. Mice were anesthetized, fixed on a plastic bed and placed on a holder 
secured onto the robotic positioning table. Laser beam indicates treatment isocenter. 
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Supplementary Figure S6: Ex vivo set-up. Red square indicating lungs without bioluminescent signal, 
without metastasis. 
 
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Supplementary Figure S7: In vitro functional assay: Transendothelial migration 
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equal expression 
1-25 fold overexpression
26-50 fold overexpression
> 50 fold overexpression
array number cytokine cytokine expression
mean 
expression
relative 
expression cytokine expression
mean 
expression
relative 
expression
470 TGF-beta 5 8513.368 8832.832 8673.1 1 8202.468 8244.489 8223.4785 0.948159078
40 BIK 6092.974 5131.104 5612.039 1 4995.983 6219.761 5607.872 0.999257489
249 IL_1 sRII 7862.589 7671.711 7767.15 1 7864.276 7685.953 7775.1145 1.001025408
438 S100A10 7717.418 8304.125 8010.7715 1 8503.296 7887.347 8195.3215 1.023037731
216 ICAM-2 6980.681 7628.196 7304.4385 1 6694.811 8961.761 7828.286 1.071716327
336 LECT2 3083.841 3723.196 3403.5185 1 3874.054 3677.983 3776.0185 1.109445563
78 Csk 4489.619 4410.933 4450.276 1 6515.74 6732.983 6624.3615 1.48852824
206 HCR / CRAM-A/B 873.477 789.184 831.3305 1 1598.912 1601.175 1600.0435 1.924677971
120 Endostatin 3074.69 3347.004 3210.847 1 7548.61 6923.945 7236.2775 2.253697389
430 P-selectin 7919.246 7966.61 7942.928 1 20156.73 20934.73 20545.731 2.586669676
199 GREMLIN 566.113 586.749 576.431 1 2081.841 1301.276 1691.5585 2.934537698
335 LBP 2341.255 2459.861 2400.558 1 9519.64 9708.711 9614.1755 4.004975302
357 M-CSF 546.87 677.456 612.163 1 3443.012 4220.205 3831.6085 6.259131146
370 MMP-1 1301.527 271.728 786.6275 1 6794.054 4673.397 5733.7255 7.288997016
194 Glypican 3 1001.234 1021.234 1011.234 1 6704.882 10301.37 8503.125 8.40866209
200 GRO 284.678 120.142 202.41 1 2064.477 1606.551 1835.514 9.068297021
367 MIP 2 374.263 252.556 313.4095 1 2876.184 3550.184 3213.184 10.25235036
488 TIMP-3 468.678 350.678 409.678 1 4119.154 5167.497 4643.3255 11.33408555
353 MCP-1 201.849 303.142 252.4955 1 2530.113 3555.962 3043.0375 12.05184845
471 TGF-beta RI/ ALK-5 624.163 988.77 806.4665 1 9708.953 9837.146 9773.0495 12.11835768
346 LRP-6 390.142 384.406 387.274 1 5943.803 4609.054 5276.4285 13.62453586
229 IGFBP-rp1/IGFBP-7 1221.426 1383.841 1302.6335 1 20889.75 18105.68 19497.7165 14.96792191
373 MMP-7 266.385 120.192 193.2885 1 2923.012 2974.74 2948.876 15.25634479
527 VEGF 194.556 152.071 173.3135 1 2569.326 2745.962 2657.644 15.33431614
487 TIMP-2 660.941 350.213 505.577 1 7919.468 7820.175 7869.8215 15.56601962
186 GRF alpha-4 358.678 349.263 353.9705 1 5975.811 5543.083 5759.447 16.27098021
176 GDF3 109.263 108.021 108.642 1 1799.69 2279.154 2039.422 18.77194823
260 IL-6 286.556 238.728 262.642 1 4280.581 5634.569 4957.575 18.8757891
233 IGF-II R 279.435 169.021 224.228 1 4491.811 4607.882 4549.8465 20.29116123
60 CCR3 430.627 193.314 311.9705 1 6979.782 5819.447 6399.6145 20.51352452
188 GITR Ligand / TNFSF18 354.385 275.728 315.0565 1 5459.447 9262.418 7360.9325 23.36384902
15 ALCAM 283.971 264.799 274.385 1 7537.983 5343.083 6440.533 23.4726133
477 Thrombospondin-1 699.891 726.77 713.3305 1 16009.97 19078.93 17544.4535 24.59512596
181 GDF-15 41.778 86.192 63.985 1 1711.74 1700.527 1706.1335 26.66458545
262 IL-7 121.314 137.778 129.546 1 4759.276 3448.861 4104.0685 31.68039538
278 IL-13 216.435 208.263 212.349 1 6133.882 7389.518 6761.7 31.84239153
277 IL-12R beta 2 192.728 67.657 130.1925 1 4863.376 5012.083 4937.7295 37.92637441
208 GLO-1 96.971 163.607 130.289 1 5684.468 5095.045 5389.7565 41.3677018
133 FAM38 204.142 171.335 187.7385 1 8978.468 6982.033 7980.2505 42.50726676
522 uPA 107.607 277.092 192.3495 1 9242.296 8372.882 8807.589 45.78950816
345 LRP-1 161.728 77.314 119.521 1 6656.368 4831.276 5743.822 48.0570109
151 FGF-16 81.071 70.607 75.839 1 3615.619 3987.054 3801.3365 50.12376877
445 sFRP-4 226.778 264.506 245.642 1 12691 12164.76 12427.8825 50.59347546
372 MMP-3 167.142 70.071 118.6065 1 6900.539 5825.761 6363.15 53.64925194
292 IL-17RC 71.899 117.192 94.5455 1 5902.497 5907.104 5904.8005 62.45459065
104 Dkk-1 167.263 71.778 119.5205 1 6770.761 8387.903 7579.332 63.41449375
225 IGFBP-2 125.485 98.485 111.985 1 6617.882 7606.861 7112.3715 63.51182301
486 TIMP-1 117.607 147.021 132.314 1 8509.459 8343.782 8426.6205 63.68653733
499 TNF RI/ TNFRSF1A 96.021 76.485 86.253 1 5970.004 5723.468 5846.736 67.78588571
384 MMP-20 123.192 34.485 78.8385 1 5821.175 7018.782 6419.9785 81.43202243
442 SDF-1/CXCL12 100.485 70.607 85.546 1 7977.418 6373.539 7175.4785 83.87859748
110 EDA-A2 50.071 83.778 66.9245 1 5664.326 5576.146 5620.236 83.97875218
362 MIF 145.607 84.192 114.8995 1 10053.27 9814.853 9934.06 86.45868781
293 IL-17RD 81.314 82.778 82.046 1 9926.782 7834.418 8880.6 108.2392804
282 IL-15R alpha 74.899 82.778 78.8385 1 9325.246 7908.66 8616.953 109.2987944
264 IL-8 57.364 58.192 57.778 1 7876.447 7077.589 7477.018 129.4094292
173 GCSF 75.192 66.485 70.8385 1 9783.095 10946.51 10364.8025 146.3159511
228 IGFBP-6 39.364 70.364 54.864 1 9958.062 9769.184 9863.623 179.7831547
169 Galectin-3 33.364 68.071 50.7175 1 9885.095 11372.56 10628.8275 209.5692315
CMLE CMLE_IR
6.7.2 Supplementary Table 
Table 1: Cytokine expression levels. ImageJ quantification of 
cytokine array. CMLE values were used as control and 
compared with CMLE_IR.  
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 6.7.3 Supplementary Materials and Methods 
6.7.3.1 Antibodies and reagents 
7KHIROORZLQJSULPDU\DQWLERGLHVZHUHXVHGIRU:HVWHUQEORWDQDO\VLV,+&DQG,&&
UDEELW SRO\FORQDO DQWL$NW   UDEELW SRO\FORQDO DQWL(5. S
0$3.   UDEELWPRQRFORQDO DQWLSKRVSKR$NW 6HU  
UDEELW SRO\FORQDO DQWLSKRVSKR(5. S 0$3. 7KU7\U 
 UDEELW SRO\FORQDO DQWLSKRVSKRS 6HU   UDEELW SRO\FORQDO
DQWLSKRVSKR67$7 7\U   UDEELW SRO\FORQDO DQWLVWDW 
 &HOO 6LJQDOOLQJ7HFKQRORJ\ 'DQYHUV0$86$ UDEELW SRO\FORQDO DQWL
&;&51%1RYXV%LRORJLFDOV&DPEULGJH8.UDEELWSRO\FORQDO
DQWLS + VF  PRXVHPRQRFORQDO DQWLS '2 VF 
6DQWD &UX] %LRWHFKQRORJ\ 6DQWD &UX] &$ 86$ PRXVH PRQRFORQDO DQWL$
WXEXOLQ 7  PRXVH PRQRFORQDO DQWL*$3'+ *  6LJPD
$OGULFK 6W /RXLV 02 86$ PRXVH PRQRFORQDO DQWL̟+$;  
%LROHJHQG 6DQW 'LHJR &$ 86$ UDEELW SRO\FORQDO DQWL̟+$;  
%HWK\O /DERUDWRULHV 0RQWJRPHU\ 7; 86$  6HFRQGDU\ DQWLERGLHV FRXSOHG WR
KRUVHUDGLVK SHUR[LGDVH $OH[D RU $OH[D ZDV REWDLQHG IURP $PHUVKDP
3KDUPDFLD %LRWHFK 'LHJHP %HOJLXP RU 6LJPD$OGULFK 1XFOHDU VWDLQLQJ '$3,
VWDLQ'$%'DQG)DFWLQVWDLQSKDOORLGLQ$OH[D)OXRUZHUHIURP6LJPD
$OGULFK )ROORZLQJ UHDJHQWVZHUH XVHG $0' RFWDK\GURFKORULGH  7RFULV
%LRVFLHQFH%ULVWRO 8. 7UDPHWLQLE 6 6HOOHFNFKHP +RXVWRQ 7; 86$
UHFRPELQDQW 0,) 0) UHFRPELQDQW &;&/ 16 5	'
6\VWHPV 0LQQHDSROLV 01 86$ 'OXFLIHULQ )LUHIO\ SRWDVVLXP VDOW 
3HUNLQ(OPHU :DOWKDP 0$ 86$ =HRFLQH ( 3URPHJD 0DGLVRQ:,
86$ 'R[\F\FOLQH ),7&'H[WUDQ  6LJPD$OGULFK 9\EUDQWp'L, FHOO
ODEHOOLQJ VROXWLRQ 9 0ROHFXODU 3UREHV:DOWKDP00$ 86$ ,Q WKH LQ
YLWURH[SHULPHQWV$0'ZDVXVHGDWw07UDPHWLQLEDWQ0UHFRPELQDQW
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&;&/DQG0,)DWQJP/'OXFLIHULQDWwJP/=HRFLQHDWwJP/
'R[\F\FOLQH DW  QJP/ ),7&'H[WUDQ DW  PJP/ DQG 9\EUDQWp'L,
w/P/FHOOV,QYLYR'OXFLIHULQZDVXVHGDWPJNJPLFHDQGH[YLYRDW
wJP/
6.7.3.2 Viability Assay 
%HDVB%FHOOVZHUHVHHGHGLQDZHOOSODWH3ODWHVZHUHWUHDWHGHLWKHUZLWK*\
RU  *\ $IWHU  GD\V FHOOV ZHUH ULQVHG  WLPHV ZLWK 3%6' DQG  w/ RI
/,9('($'PL[WXUH ZDV DGGHG WR WKH FHOOV IRU  PLQXWHV DW r& LQ  &2
0L[WXUHFRQWDLQHGw0FDOFHLQ$0OLYLQJFHOOVJUHHQIOXRUHVFHQWQPDQG
 w0 HWKLGLXPKRPRGLPHU GHDG FHOOV UHG IOXRUHVFHQW  QP&HOOVZHUH
ZDVKHG ZLWK 3%6' DQG DQDO\VHG E\ IOXRUHVFHQFH PLFURVFRS\ =HLVV  0(7$
FRQIRFDOODVHUVFDQQLQJPLFURVFRSH&DUO=HLVV0LFURLPDJLQJ+HLGHOEHUJ*HUPDQ\
6.7.3.3 Conditioned medium of irradiated and non-irradiated bronchial 
      epithelial cells 
7KUHH GD\V DIWHU WUHDWPHQW FHOOVZHUHZDVKHG WKUHH WLPHV DQGSXW RQ VHUXPIUHH
'0(0 FXOWXUH PHGLXP ZLWK  8P/ SHQLFLOOLQ  ̨JP/ VWUHSWRP\FLQ 
̨JP/IXQJL]RQHDQGSXWLQDQLQFXEDWRUDWr&DQG&2$IWHUKRXUVWKH
PHGLXP RI ERWK JURXSVZDV KDUYHVWHG VHSDUDWHO\ DQG FHQWULIXJHG IRU PLQXWHV DW
 USP RQ r& 7KH VXSHUQDWDQWV ZHUH FROOHFWHG DQG ILOWHUHG WKURXJK D  w0
:KDWPDQQILOWHU$OOFRQGLWLRQHGPHGLDZHUHQRUPDOL]HGWRDQHTXDOQXPEHURI
[  FHOOV %RWK FRQGLWLRQHG PHGLD ZHUH VWRUHG DW r& XQWLO IXUWKHU XVH IRU
H[SHULPHQWV
6.7.3.4 Protein analysis 
/\VDWHSUHSDUDWLRQ6'6B3$*(DQG:HVWHUQEORWDQDO\VLV
/\VDWHVZHUHPDGHRIFRQIOXHQWFHOOFXOWXUHVE\3%6FRQWDLQLQJ7ULWRQ;
136LJPDDQGWKH+DOWp3URWHDVHDQG3KRVSKDWDVHLQKLELWRUFRFNWDLO
7KHUPR6FLHQWLILF$IWHUVRQLFDWLRQDQGFHQWULIXJDWLRQRI O\VDWHUSP
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 IRUPLQXWHVDWr&VXSHUQDWDQWZDVXVHGIRUPHDVXULQJSURWHLQFRQFHQWUDWLRQE\
XVLQJ5&'&70SURWHLQ DVVD\ NLW %LR5DG/DERUDWRULHV 6$19 6DPSOHVZHUH
SUHSDUHG ZLWK DQ HTXDO DPRXQW RI SURWHLQ LQ /DHPPOL VDPSOH EXIIHU ZLWK  ̞
PHUFDSWRHWKDQRO DQG  EURPRSKHQRO EOXH 1H[W VDPSOHV ZHUH ERLOHG IRU 
PLQXWHVDWr&)LQDOO\SURWHLQVZHUH VHSDUDWHGE\HOHFWURSKRUHVLV3URWHLQV IURP
WKHJHOZHUHEORWWHGRQWRDQLWURFHOOXORVHPHPEUDQHDQGEORFNHGLQQRQIDWPLON
LQ3%6'RU%6$LQ3%6'IRUSKRVSKRU\ODWHGSURWHLQVERWKVXSSOHPHQWHGZLWK
 7ZHHQ DQG LPPXQRVWDLQHG 1H[W D FKHPLOXPLQHVFHQW VXEVWUDWH IRU
KRUVHUDGLVK SHUR[LGDVH (&/ ZHVWHUQ EORWWLQJ GHWHFWLRQ UHDJHQW *( +HDOWKFDUH
%HOJLXP ZDV DGGHG DQG VLJQDO ZDV PHDVXUHG DQG YLVXDOL]HG E\ 3UR;LPD 
,VRJHQ /LIHVFLHQFH 'H 0HHUQ 1HWKHUODQGV 4XDQWLILFDWLRQ ZDV GRQH E\ ,PDJH-
VRIWZDUH
&\WRNLQHDUUD\
+XPDQ DQWLERG\ DVVD\ ZDV SHUIRUPHG DV SHU PDQXIDFWXUHUَV LQVWUXFWLRQV %ULHIO\
DUUD\PHPEUDQHVZHUHEORFNHGZLWK%6$7%607ULV+&OS+0
1D&O IRU  KRXU 0HPEUDQHV ZHUH WKHQ LQFXEDWHG ZLWK DERXW  PO RI &0/( RU
&0/(B,5DIWHUQRUPDOL]DWLRQZLWKHTXDODPRXQWVRISURWHLQ$IWHUZDVKLQJ WLPHV
ZLWK3%6'VXSSOHPHQWHGZLWK7ZHHQWKHPHPEUDQHVZHUHWKHQLQFXEDWHG
ZLWK D FRFNWDLO RI ELRWLQODEHOOHG DQWLERGLHV DJDLQVW GLIIHUHQW LQGLYLGXDO F\WRNLQHV
7KHPHPEUDQHVZHUHWKHQZDVKHGDQGLQFXEDWHGZLWK+53FRQMXJDWHGVWUHSWDYLGLQ
 SJPO IRU  KRXU DW URRP WHPSHUDWXUH $IWHU  WLPHV ZLVKLQJ ZLWK 3%6'
VXSSOHPHQWHG ZLWK  7ZHHQ  WKH VLJQDOV ZHUH GHWHFWHG E\ 3UR;LPD 
'HQVLWRPHWULF YDOXHV RI VSRWVZHUH TXDQWLILHG XVLQJ ,PDJH- 6RIWZDUH 6FLRQ&RUS
)UHGHULFN0'86$


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6.7.3.5 Functional assays with conditioned media 
7UDQVHQGRWKHOLDOPLJUDWLRQDVVD\
(QGRWKHOLDO PRQROD\HU IRUPDWLRQDQG FRQILUPDWLRQ ($K\ HQGRWKHOLDO FHOOV ZHUH
WUDQVLHQWO\UHGIOXRUHVFHQWODEHOHGZLWK9\EUDQWp'L,FHOOODEHOOLQJVROXWLRQDFFRUGLQJ
WR WKH PDQXIDFWXUHUَV SURWRFRO (QGRWKHOLDO FHOOV ZHUH VHHGHG LQ WKH XSSHU
FRPSDUWPHQW RI D0DWULJHO  wJP/ FRDWHG  wP SRUH VL]H 7UDQVZHOO FXOWXUH
V\VWHPDQGFXOWXUHGLQQRUPDOFHOOFRQGLWLRQVDWr&LQ&2IRUGD\VXQWLOD
PRQROD\HUZDVIRUPHG0RQROD\HUSHUPHDELOLW\ZDVWHVWHGE\IOXRUHVFHQWPHDVXULQJ
RI  N'D ),7&GH[WUDQ IOX[ DFURVV WKH HQGRWKHOLDO FHOO PRQROD\HU %ULHIO\ WKH
HQGRWKHOLDOPRQROD\HUZDVZDVKHGWLPHVZLWK3%6' IROORZHGE\DGGLWLRQRI
w/ RI ),7&'H[WUDQ PJP/ WR WKH XSSHU FKDPEHU DQG  w/3%6' LQ WKH
ORZHU FKDPEHU $IWHU  KRXU LQFXEDWLRQ DW r& LQ  &2 ),7&'H[WUDQ
FRQFHQWUDWLRQIURPHDFKORZHUFKDPEHUZDVFDOFXODWHGXVLQJDIOXRUHVFHQWPXOWLZHOO
SODWH UHDGHU ZLWK H[FLWDWLRQ DQG HPLVVLRQ ZDYHOHQJWK RI  QP DQG  QP
UHVSHFWLYHO\ 6SHFWUD0D[p 3DUDGLJPp  0XOWL0RGH 0LFURSODWH 'HWHFWLRQ
3ODWIRUP UHDGHU 0ROHFXODU 'HYLFHV 6XQQ\YDOH &DOLIRUQLD 86$ :KHQ QR
IOXRUHVFHQWLQWHQVLW\ZDVGHWHFWHG($K\UHDFKHGFRQIOXHQFH


 
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Chapter 
7 
Clinical relevance 

 7.1 In vivo model 
2XU ILVWDLPZDV WRGHYHORSDQ LQ YLYRPRGHO WR VWXG\PHWDVWDVLVSURJUHVVLRQ:H
PDQDJHG WR IXOILO WKLV JRDO ZLWK WKH XVH RI ELROXPLQHVFHQW LPDJLQJ 7KH SURSRVHG
PRGHOPHHWVRIWKH5FULWHULD5HGXFWLRQDQGUHILQHPHQWQRWUHSODFHPHQW7KH
XVH RI ELROXPLQHVFHQW FDQFHU FHOOV HQDEOHV ORQJLWXGLQDO PRQLWRULQJ RI FDQFHU
SURJUHVVLRQ LQ WKH VDPH DQLPDO VR IHZHU DQLPDOV QHHG WR EH VDFULILFHG0RUHRYHU
PHWDVWDWLF GLVHDVH FDQEH GHWHFWHGPRUH UDSLGO\ WKXV DYRLGLQJXQQHFHVVDU\ DQLPDO
VXIIHULQJ %LROXPLQHVFHQW LPDJLQJ DOVR KDV PRUH DGYDQWDJHV FRPSDUHG WR RWKHU
YLVXDOLVDWLRQ WHFKQLTXHV OLNH PDJQHWLF UHVRQDQFH LPDJLQJ 05, FRPSXWHG
WRPRJUDSK\&7SRVLWURQHPLVVLRQWRPRJUDSK\3(7DQGVLQJOHSKRWRQHPLVVLRQ
&763(&7$OODGYDQWDJHVDQGGLVDGYDQWDJHVDUHSRLQWHGLQ7DEOH
Table 1. Advantages and disadvantages BLI 1-3 
                                                                                                                                                                                                                     
$GYDQWDJHV 'LVDGYDQWDJHV
ORZFRVW QRGHHSWLVVXHSHQHWUDWLRQ
KLJKWKURXJKSXW ORZVSDWLDOUHVROXWLRQ
QRQLQYDVLYH $7320JGHSHQGHQW
KLJKVHQVLWLYLW\ UHTXLUHVH[RJHQRXVOXFLIHULQ
ODFNRIWR[LFLW\ QRWSUDFWLFDOIRUODUJHDQLPDOVKXPDQV
ORZEDFNJURXQGOXPLQHVFHQFH DEVRUSWLRQVFDWWHULQJE\DQLPDOWLVVXH
QRHQGRJHQRXVOXFLIHUDVHH[SUHVVLRQ UHTXLUHVJHQHWLFDOO\HQFRGHGOXFLIHUDVH
QRQHHGIRUH[WHUQDOOLJKWVRXUFH
GHSHQGHQWRQVXEVWUDWH
SKDUPDFRNLQHWLFV

$OWKRXJK YLVXDOLVDWLRQ RI DQLPDO DQDWRP\ DQGPRQLWRULQJ RUJDQ IXQFWLRQV UHPDLQV
LPSRUWDQWLQWKHXVHRIDQLPDOFDQFHUPRGHOV%LROXPLQHVFHQWLPDJLQJLVHPHUJLQJDV
DQ LQFUHDVLQJO\ XVHIXO DQG ORZFRVW WHFKQLTXH WR XQGHUVWDQG WKH EDVLF WXPRU
SURFHVVHVWXPRUSURJUHVVLRQDQGPRQLWRULQJRIWKHUDSHXWLFLQWHUYHQWLRQV
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)RUWXQDWHO\PRXVHPRGHOVKDYHDOXQJUDGLRVHQVLWLYLW\HTXLYDOHQWWRWKDWRIKXPDQV
DQGKDYHVLPLODUWLPHOLQHVIRUWKHGHYHORSPHQWRISQHXPRQLWLVDQGILEURVLV5HVXOWV
IRXQGLQRXUUHVHDUFKFDQWKXVEHH[WUDSRODWHGWRWKHVLWXDWLRQLQWKHSDWLHQW7KH
VLPXODWLRQRIKXPDQUDGLRWKHUDS\WULDOVLQPLFHLVQRWUHOHYDQWEXWKDVPXFK
SRWHQWLDO WR SURYLGH UDGLRELRORJLFDO XQGHUVWDQGLQJV WKDW FDQ LPSURYH WKH GHVLJQ RI
KXPDQWULDOV

7.2  SARRP vs. IMRT patients 
7RLQYHVWLJDWHWKHHIIHFWVRIUDGLRWKHUDS\ZHQHHGHGWRVHWXSDUDGLDWLRQVFKHGXOH
IRU PLFH ,Q WKH SDVW UHVHDUFKHUV XVHG ZKROH ERG\ LUUDGLDWLRQ RU SDUWLDO ERG\
LUUDGLDWLRQ XVLQJ OHG VKLHOGLQJ 7KLV VWLOO UHVXOWHG LQ XQZDQWHG LUUDGLDWLRQ RI
KHDOWK\ WLVVXH 7R VWXG\ LUUDGLDWLRQ HIIHFWV RQ VPDOO SDUWV RI WKH ERG\ DGDSWHG
LPDJHJXLGHG UDGLDWLRQ HTXLSPHQW LV QHHGHG ,Q RXU PRGHO ZH PDNH XVH RI WKH
6$553WRDFKLHYHDFFXUDWHLUUDGLDWLRQRIRQO\RIWKHULJKWOXQJ7RHQVXUHWKH
DFFXUDF\RIWKHGRVHSRVLWLRQLQJDFRQHEHDP&7RIWKHDQLPDOZDVPDGHDQGWKH
LVRFHQWHUZDVLQGLFDWHG)LJ7KHQZHPDUNHGWKHGLIIHUHQWNLQGVRIWLVVXHVRWKDW
PRXVHVSHFLILFGRVHFDOFXODWLRQFRXOGEHDFKLHYHG7RHQGZLWKDFFXUDWHLUUDGLDWLRQRI
LQGLFDWHGWLVVXH6$553EHDPGLDPHWHUZDVDGMXVWHGWR[PP
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Figure 1: SARRP system developed at Johns Hopkins University; Baltimore. A. CBCT imaging mode: 
the source is fixed in the horizontal (90°) orientation and the nozzle collimator is removed; the 
support platform (ɽ-table) rotates for tomography. B. Treatment mode: the nozzle collimator is 
attached, the flat-panel detector is shielded and the source-arm and robotic stages are positioned to 
irradiate desired target. (Images courtesy of Xstrahl, Ltd, Surrey, UK). 

6$553ZDVFKRVHQRYHUKXPDQUDGLDWLRQHTXLSPHQWEHFDXVHLWLVFDSDEOHWRGHOLYHU
D GRVH DW VXIILFLHQW SUHFLVLRQ 6LPLODU WR KXPDQ HTXLSPHQW UDGLDWLRQ EHDPV IURP
GLIIHUHQW GLUHFWLRQV FDQ UHDFK WKH WDUJHW E\ URWDWLQJ WKH VRXUFH OLPLWHG WR DQ DUF
)LJ6$553XVHVNLORYROWDJHN9;UD\VZKLFKKDYHWKHDGYDQWDJHWRKDYHD
VWHHSHU EXLOGXS DLUWLVVXH LQWHUIDFH FRPSDUHG WR WKH PHJDYROWDJH 09 ;UD\V
SURGXFHG E\ OLQHDU DFFHOHUDWRUV 7KH ODWWHU FDQ EH H[WHQGHG XS WR VHYHUDO
FHQWLPHWHUVZKLFKZRXOGFDXVHDGRVHEXLOGXSGRZQJUDGLHQWRIWKHRUGHURIWKH
DQLPDOVL]H)LJ$OVRWKHUHEXLOGXSSKHQRPHQRQLQWKHOXQJWLVVXHLQWHUIDFHV
LVQHJOLJLEOHZLWKN9;UD\V09;UD\VDUHSUHFLVHXSWRDIHZPPIRULUUDGLDWLRQ
RIVPDOODQLPDOVWKLVQHHGVWREHVXEPLOOLPHWHUSUHFLVLRQ)LJ$QRWKHUSUREOHP
ZLWK09;UD\VLVWKHODWHUDOEHDPSHQXPEUDZKLFKFDQH[WHQGVHYHUDOPPEH\RQG
HVWLPDWHGUDGLDWLRQILHOG7KHXVHRIN9;UD\VGLPLQLVKHVWKLVHIIHFWZHOOEHORZRI
PP)LJ
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Figure 2: Left panel: Monte Carlo calculations of depth dose profiles for a water/air/water/air slab 
phantom, modeling a low density cavity embedded in tissue. The beam is a 1 mm diameter pencil 
beam and dose scoring was performed over the whole width of the beam. For the 6 MV beam and 
the cobalt photons, the buildup can be clearly seen behind both air/water interfaces. The kV beam 
exhibits only a minimal buildup effect. Missing backscatter is a more subtle effect but is discernable 
at the water/air interfaces for the cobalt and 6 MV beam, but is minimal for the kV beam. Right 
panel: calculated dose profiles in water at the depth of maximum dose clearly showing the more 
extensive beam penumbra for the higher energy photon beams. This calculation separates the effect 
of the beam spreading in water from other beam widening effects (collimator scatter, focal spot 
broadening).10 
 
'LVDGYDQWDJHVRIN9;UD\VLVWKDWWKHUDGLDWLRQEHDPVDUHQRWHTXDOO\DEVRUEHGLQ
WKHGLIIHUHQWNLQGVRIWLVVXH/RZHQHUJ\N9;UD\VDUHSUHGRPLQDQWO\DEVRUEHGE\
SKRWRHOHFWULF SURFHVVHV7KLV HIIHFW LV ODUJHO\ GHSHQGHQW RQ WKH FRPSRVLWLRQ RI WKH
WLVVXHZKDWUHVXOWVLQGLIIHUHQWLDODEVRUSWLRQLQERQH09;UD\KDVDPRUHVLPLODU
DEVRUSWLRQRI UDGLDWLRQEHDPV LQDOONLQGVRI WLVVXHEHFDXVHWKHLUHIIHFWVDUHPRVWO\
&RPSWRQVFDWWHUUHODWHGDQGOHVVGHSHQGHQWRQWLVVXHFRPSRVLWLRQ7KLVLVLPSRUWDQW
IRU GRVH FDOFXODWLRQV ZKHUH IRU 09 ;UD\V WKHVH DUH IDU OHVV VHQVLWLYH WR WLVVXH
FRPSRVLWLRQWKDQIRUN9;UD\7KLVOHDGVXVWRDQRWKHUSUREOHPRIGLIIHUHQFHVLQ
UHODWLYHELRORJLFDOHIIHFWLYHQHVV 5%(N9;UD\KDYHKLJKHU/(7YDOXHV WKDQ09
;UD\N9 NH9wPDQG09 NH9wPPHDQLQJWKDWWKHGRVHUHTXLUHG
IRUN9;UD\FDXVLQJWKHVDPHGDPDJHDV09;UD\LVORZHU
$QRWKHUGLIIHUHQFHEHWZHHQRXUPRGHODQGSDWLHQWWUHDWPHQWLVWKHXVHRIVLQJOHGRVH
UDGLDWLRQ:HXVHGDVLQJOHIUDFWLRQRI*\FRQIRUPWKHGDWDRI'DUE\HWDODQG
DQ LUUDGLDWLRQ WDUJHW RI RI WKH ULJKW OXQJ FRQIRUP WKH GDWD RI.LPVH\ HW DO
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 8VLQJ IUDFWLRQDWHG UDGLDWLRQ LQ WKH LQ YLYR PRGHO ZRXOG EH WKH LGHDO VHWXS EXW
HQWDLOVWHFKQLFDOFRPSOLFDWLRQV3RVLWLRQLQJRIWKHPRXVHDQGWKHSRVLWLRQRIWKHOXQJ
QHHGWREHWKHVDPH LQHYHU\VHVVLRQ7KLV LVKDUGWRDFFRPSOLVKEHFDXVHRI VWURQJ
UHVSLUDWRU\ PRYHPHQWV DQG UHORFDWLRQ RI WKH OXQJV LQVLGH WKH PLFH 7KH HIIHFW RI
IUDFWLRQDWHGYHUVXVDFXWHLUUDGLDWLRQGRVHVRQF\WRNLQHSURILOHZDVVWXGLHGE\'HVDLHW
DO 7KHLU UHVXOWV VKRZHG WKDW DIWHU UDGLDWLRQ H[SRVXUH WKH OHYHOV RI F\WRNLQHV
LQFUHDVHGLQDGRVHGHSHQGHQWPDQQHUDQGWKDWWKHIROGFKDQJHLQF\WRNLQHOHYHOZDV
ORZHU LQ FRQGLWLRQHGPHGLXP RI IUDFWLRQDWHG LUUDGLDWHG FHOOV WKDQ DIWHU DFXWH GRVH
UDGLDWLRQ+RZHYHU XSUHJXODWLRQZDV VWLOO VHHQ FRPSDUHGZLWK QRQLUUDGLDWHG FHOOV
SURYLQJ WKDW RXU UHVXOW FDQ DOVR EH UHSUHVHQWDWLYH IRU GRVH IUDFWLRQDWLRQ UDGLDWLRQ
&\WRNLQHSURGXFWLRQPD\QRWRQO\SURPRWHPHWDVWDVLVEXWLWPD\DOVRKDYHDQHIIHFW
RQWKHLPPXQHUHVSRQVH/HHHWDOVKRZHGWKDWDFXWHGRVHLUUDGLDWLRQSURGXFHVD
PRUHSRWHQWLPPXQHUHVSRQVHWKDQIUDFWLRQDWHGLUUDGLDWLRQSURPRWLQJHUDGLFDWLRQRI
FDQFHU FHOOV )XUWKHU UHVHDUFK HOXFLGDWLQJ WKH PHFKDQLVPV EHKLQG WKHVH
GLVFUHSDQFLHVZRXOGEHLQWHUHVWLQJ

7.3 Patient relevance 
5HVXOWVIURPDSURVSHFWLYHVWXG\LQLUUDGLDWHGEUHDVWFDQFHUSDWLHQWVUHYHDOHGWKDW
SRVWRSHUDWLYHUDGLDWLRQWKHUDS\RI*\DW*\IUDFWLRQGD\VZHHNUHVXOWHGLQD
PHDQ SXOPRQDU\ GRVH RI DSSUR[LPDWHO\ *\ 2QO\ ZKHQPRUH WKDQ  D[LOODU\
O\PSK QRGHVZHUH DIIHFWHG D VXSUDFODYLFXODU ILHOG ZDV DGGHGZLWK HTXDO GRVH DQG
IUDFWLRQDWLRQUHVXOWLQJLQDKLJKHUPHDQSXOPRQDU\GRVHRI*\5HVXOWVIURPD
VHFRQG SURVSHFWLYH VWXG\ LQ  EUHDVW FDQFHU SDWLHQWV VKRZHG WKDW WKH HVWLPDWHG
SHUFHQWDJHRIWRWDO LUUDGLDWHG OXQJYROXPHPD\UDQJHIURPWRLQDVWXG\
SRSXODWLRQUHFHLYLQJWDQJHQWLDOUDGLDWLRQEHDPV7KHVHVWXGLHVVKRZWKDWWKH
ULJKW OXQJ LUUDGLDWLRQDQGWKH*\GRVH LVD UHSUHVHQWDWLYHVHWXS IRUWKHSDWLHQW
VLWXDWLRQ
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0DQ\ FOLQLFDO WULDOV SURYH WKDW FROODWHUDO UDGLDWLRQ WR WKH OXQJV FDXVHV D ODWH
GDPDJLQJ HIIHFW ,UUDGLDWLRQ UHVXOWV LQ UHGXFHGSXOPRQDU\ IXQFWLRQ LQ WKH ILUVW WZR
\HDUV DIWHU WKH SRVWRSHUDWLYH UDGLRWKHUDS\ DQG LQFUHDVHV WKH VXEVHTXHQW UDWH RI
LVFKHPLFKHDUWGLVHDVHDQGVHFRQGDU\OXQJFDQFHUULVN

&OLQLFDOWULDOVZLWK71%&ZKHUHDGMXYDQWUDGLRWKHUDS\YHUVXVQRUDGLRWKHUDS\ZHUH
FRPSDUHGKDYHDJHQHUDOFRQFOXVLRQWKDWUDGLRWKHUDS\KDVDQLPSRUWDQWUROHLQORFDO
WXPRUFRQWUROEXWKDVQRVLJQLILFDQWSRVLWLYH LPSDFWRQ26DQG'0IRUPDWLRQ
:DQJHWDO HYHQ UHYHDOHGWKDW WKHSHUFHQWDJHRISDWLHQWVZLWKRUPHWDVWDVHV
LQFUHDVHVDIWHUDGMXYDQWUDGLRWKHUDS\5HPDUNDEO\ LQFUHDVHGGLVWDQW UHODSVH LVPRUH
SURQRXQFHGLQSDWLHQWVWUHDWHGZLWKPDVWHFWRP\DGMXYDQWUDGLRWKHUDS\FRPSDUHGWR
SDWLHQWVWUHDWHGZLWKPDVWHFWRP\RU%&6ZLWKRXWDGMXYDQWUDGLRWKHUDS\$OWKRXJK
WKHUH LV QR VLJQLILFDQW GLIIHUHQFH LQ WKH ORFDWLRQ RI71%& UHODSVH EHWZHHQSDWLHQWV
UHFHLYLQJDGMXYDQWUDGLRWKHUDS\DQGSDWLHQWVZKRGLGQRWWKHOXQJLVVWLOOWKHPRVW
IUHTXHQWVLWHRILQLWLDOUHFXUUHQFH

,WLVJHQHUDOO\DVVXPHGWKDWLQWKLVFDVHWKHPLFURPHWDVWDVHVZHUHDOUHDG\SUHVHQWLQ
LQWKHOXQJVEHIRUHWKHEUHDVWFDQFHUZDVWUHDWHG7KLVFDQEHH[SODLQHGE\WKHIDFW
WKDWPHWDVWDVLVFDQEHDQHDUO\HYHQWLQWXPRUSURJUHVVLRQDQGVWD\VXQGHWHFWHGDW
WLPH RI GLDJQRVLV  7KH GLIIHUHQFH ZLWK RXU K\SRWKHVLV LV WKDW ZH DVVXPH WKDW
UDGLDWLRQLQGXFHG FROODWHUDO GDPDJH RI WKH OXQJ KDV SURPRWLQJ LQIOXHQFH RQ OXQJ
VSHFLILFPHWDVWDVLV:HILUVW LUUDGLDWHGWKHOXQJWKHQLQLWLDWHGDSULPDU\WXPRUDQG
DOORZHG PHWDVWDVLV IRUPDWLRQ 2XU PRGHO LV QRW UHOHYDQW IRU WKH HIIHFW RI LRQL]LQJ
UDGLDWLRQRQDOUHDG\ HVWDEOLVKHGPLFURPHWDVWDVHVEHFDXVHZHJUDIW V\QJHQHLFEUHDVW
FDQFHUFHOOVDIWHULRQL]LQJUDGLDWLRQ:HLUUDGLDWHDVPDOOSDUWRIWKHULJKWOXQJJUDIW
V\QJHQHLFEUHDVWFDQFHUFHOOVDQGVWXG\WKH LPSDFWRQVSRQWDQHRXV OXQJPHWDVWDVHV
IRUPDWLRQ/XQJLUUDGLDWLRQKDVQRLPSDFWRQRUWKRWRSLFWXPRUJURZWK+RZHYHUZH
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 REVHUYH PRUH DQG ELJJHU PHWDVWDWLF IRFL LQ WKH OXQJV RI 35/PLFH ZKLFK FDQ EH
FDXVHG E\ LQFUHDVHG DWWUDFWLRQ RI FLUFXODWLQJ FDQFHU FHOOV DQGRU VWLPXODWLRQ RI
FDQFHU FHOO UHOHDVH IURP WKH SULPDU\ WXPRU DQGRU SUHSDUDWLRQ RI WKH PHWDVWDWLF
QLFKHSURPRWLQJDGKHVLRQDQGFRORQL]DWLRQRIEUHDVWFDQFHUFHOOV

2XUILQGLQJVKLJKOLJKWQRWRQO\WKHLPSRUWDQFHRISUHYHQWLQJPHWDVWDVLVEXWDOVRWKH
LPSRUWDQFHRILQWHQVLYHSRVWLUUDGLDWLRQIROORZXS6RWKDWHDUO\PHWDVWDVLVIRUPDWLRQ
LQ 71%& SDWLHQWV FDQ EH GHWHFWHG DQG WUHDWHG HDUO\ 6WXGLHV XVLQJ SRVWPRUWHP
VDPSOLQJV VKRXOG EH GHVLJQHG WR LQYHVWLJDWH D SRWHQWLDO UHODWLRQVKLS EHWZHHQ
FROODWHUDO OXQJUDGLDWLRQGDPDJHDQG OXQJPHWDVWDVLV LQEUHDVWFDQFHUSDWLHQWV7KH
OLWHUDWXUHSURYLGHVQROHYHORQHHYLGHQFHEHFDXVHQRUDQGRPL]HGWULDOVKDYHEHHQGRQH
FRUUHODWLQJWKHGRVHLQGLFHVRILUUDGLDWHGOXQJYROXPHVZLWKOXQJVSHFLILFPHWDVWDVLVLQ
EUHDVWFDQFHU


 
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 
 
 ,W KDV EHHQ VKRZQ WKDW UDGLDWLRQ FDQ FDXVH ODWH VHFRQGDU\PDOLJQDQFLHV DQG WKDW
LUUDGLDWLRQRIDWXPRUEHGFDQSURPRWHPHWDVWDVLVEXWH[SHULPHQWDOVHWXSVVKRZLQJ
WKHLPSDFWRIUDGLDWLRQRQWKHIRUPDWLRQRIDPHWDVWDVLVUHFHSWLYHPLFURHQYLURQPHQW
DUHODFNLQJ:HGHYHORSHGDV\QJHQHLFEUHDVWFDQFHUPRGHOZKHUHSDUWLDOLUUDGLDWLRQ
RIKHDOWK\PRXVHOXQJLQFUHDVHVPHWDVWDWLFORDGDQGVL]HLQERWKOXQJV
7KH SRWHQWLDO PHFKDQLVPV DUH , 6WLPXODWLRQ RI PLFURPHWDVWDVHV 7KRHQ HW DO
VXJJHVWHG WKDW PRVW SDWLHQWV ZLWK GLVWDQW IDLOXUH RI ORFDOO\ DGYDQFHG HVRSKDJHDO
FDQFHUWUHDWPHQWDOUHDG\KDYHVXEFOLQLFDOPHWDVWDWLFGLVHDVHDWWLPHRIGLDJQRVLVDQG
ORFDOUDGLDWLRQLQGXFHGHIIHFWVFDQVWLPXODWHIXUWKHUSURJUHVVLRQ7KHVWLPXODWLRQRI
DOUHDG\ SUHVHQWPHWDVWDVHV FDQ EH LQGXFHG E\ HYHQWV VLPLODU WR70( HIIHFWV DIWHU
UDGLDWLRQH[SRVXUH7KHEDODQFHEHWZHHQSURDQGDQWLPHWDVWDVLVSURPRWLQJHYHQWV
LQ WKLV FDVH LV VKLIWHG WR WKH PHWDVWDVLV SURPRWLQJ HYHQWV ,, $WWUDFWLRQ DQG
VWLPXODWLRQ RI FLUFXODWLQJ WXPRU FHOOV ,UUDGLDWLRQ RI HQGRWKHOLDO FHOOV VWLPXODWHV
FDQFHUFHOOH[WUDYDVDWLRQZKLFKLVDQLPSRUWDQWHYHQWLQDIIHFWLQJPHWDVWDVLV/RFDO
LQIODPPDWLRQ DQG F\WRNLQH SURGXFWLRQ LQLWLDWHG E\ UDGLDWLRQ H[SRVXUH QRW RQO\
DWWUDFWVQRUPDO VWHPFHOOV IRU WLVVXH UHJHQHUDWLRQEXW DOVR IRU DQJLRJHQHVLV ,W DOVR
VWLPXODWHV DWWUDFWLRQ RI FLUFXODWLQJ FDQFHU FHOOV H[WUDYDVDWLRQ DQG JURZWK RI WKH
SUHVHQW FDQFHU FHOOV $FFLGHQWDO UDGLDWLRQ WXUQV QRUPDO WLVVXH LQWR D PHWDVWDVLV
UHFHSWLYHHQYLURQPHQW
,QWKLVUHVHDUFKZHPDNHXVHRILQYLWURPRGHOVWRPLPLFWKHPHWDVWDWLFFDVFDGHDQG
WRUHYHDOXQGHUO\LQJPROHFXODUSDWKZD\V
:HVKRZHGWKDWLUUDGLDWLRQRIQRUPDOOXQJHSLWKHOLDOFHOOVFDXVHV'1$GRXEOHVWUDQG
EUHDNV ZKLFK OHDG WR XSUHJXODWLRQ RI SURWHLQV LQYROYHG LQ FHOO F\FOH DUUHVW DQG
VHQHVFHQFH 7KLV DFWLYDWHV FHOO VLJQDOLQJ FDVFDGHV ZKLFK SURPRWH VHFUHWLRQ RI
F\WRNLQHVDQGFKHPRNLQHV7KH LQYLWUR UHVXOWV VKRZHGWKDW FRFXOWXUHRI LUUDGLDWHG
HSLWKHOLDO FHOOVZLWK EUHDVW FDQFHU FHOOV LQFUHDVHG FHOOXODU DGKHVLRQ DQG FHOO JURZWK
7KH\ DOVR VKRZHG WKDW ZKHQPLPLFNLQJ WKH LQ YLYR VLWXDWLRQ WKHUH LV QRW RQO\ D
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ORFDOWDUJHWUHODWHGHIIHFWEXWDOVRDGLVWDQWDQGRIIWDUJHWUHODWHGLQFUHDVHLQEUHDVW
FDQFHUFHOOJURZWK)LJ7KLVPHDQVWKDWWKHLUUDGLDWHGOXQJHSLWKHOLDOFHOOVVHFUHWH
IDFWRUV WKDW DOVR SURPRWH FDQFHU FHOO JURZWK RXWVLGH WKH LUUDGLDWHG DUHD :KHQ
VXSHUQDWDQW RI LUUDGLDWHG OXQJ HSLWKHOLDO FHOOV ZDV DGGHG WR EUHDVW FDQFHU FHOOV
LQFUHDVHG FHOO PLJUDWLRQ JURZWK DQG FHOOXODU GHGLIIHUHQWLDWLRQ LQWR D PRUH
PHVHQFK\PDOSKHQRW\SHZDVREVHUYHG
Figure 3: Partial irradiation in vitro effect A. Co-culture set-up: Irradiation of 10% lung epithelial 
monolayer with single dose 10 Gy. 24 hours after IR 4T1_luc breast cancer cells were added, 
adhesion was determined after 1 day co-culture, cell growth after 4 days co-culture. B. Box plots 
illustrating the relative attachment and cell growth of 4T1_luc cells. Co-culture of breast cancer with 
irradiated Beas-2B cells significantly increases the relative attachment locally compared to co-culture 
with sham treated Beas-2B cells. Co-culture of breast cancer with irradiated Beas-2B cells 
significantly increases the relative cell growth locally and globally compared to co-culture with sham 
treated Beas-2B cells. Quantification by bioluminescent imaging was performed after 1 and 4 days 
incubation. Data is represented as relative fold change compared with the corresponding control 
value. 4T1_luc: n=6; *= p<0.05 and **= p< 0.01 (Mann-Whitney U test). 

+XPDQSURWHLQDUUD\VWXG\RIKXPDQSURWHLQVLQWKHVXSHUQDWDQWUHYHDOHGWKDW
WKHUH ZDV DQ LQFUHDVHG VHFUHWLRQ RI PRUH WKDQ  SURWHLQV  6XSSO7DEHO
)XQ5LFKDQDO\VLVUHYHDOHGWKDWPRUHWKDQRIWKHXSUHJXODWHGF\WRNLQHVSOD\DQ
LPSRUWDQWUROHLQFHOOXODUFRPPXQLFDWLRQDQGVLJQDOWUDQVGXFWLRQEXWDOVRRIWKH
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 F\WRNLQHV DUH LPSRUWDQW PHPEHUV RI WKH LPPXQH UHVSRQVH /%3 &6) &;&/
&;&/ &&/ ,/ $/&$0 ,/ ,/ &;&/ DQG &6) 7KLV VKRZV WKDW
LUUDGLDWLRQRIKHDOWK\FHOOVLVDFFRPSDQLHGE\DQLPPXQHUHDFWLRQRIWKHVHFHOOV7KLV
FDQSOD\DQLPSRUWDQWUROHLQWKHVWLPXODWLRQRIOXQJPHWDVWDVLVIRUPDWLRQ,QWKH
WRS RI PRVW XSUHJXODWHG F\WRNLQHV WZR LPSRUWDQW FKHPRNLQHV ZHUH REVHUYHG
&;&/DQG0,) 6KXHWDO UHYHDOHGDQXSUHJXODWLRQRI&;&/ LQERWK VHUXP
DQGEURQFKRDOYHRODU ODYDJH IOXLG %$/)RI WKHPRXVHXS WRGD\VDIWHUSDUWLDO
WKRUD[ LUUDGLDWLRQ ,Q YLWUR VWXGLHV ZLWK UHFRPELQDQW &;&/ DQG 0,) UHYHDOHG
VLPLODUUHVXOWVDVZLWKWKHVXSHUQDWDQW%RWKDUHVWLPXODWRUVRIWKH&;&5UHFHSWRU
0¾OOHU HW DO ZHUH WKH ILUVW WR GHVFULEH &;&/PHGLDWHG FKHPRWD[LV RI &;&5
H[SUHVVLQJ EUHDVW FDQFHU FHOOV WRZDUGV QRUPDO KXPDQ WLVVXHV ZKLFK H[SUHVV KLJK
DPRXQWVRI&;&/OLNHOXQJOLYHUEUDLQERQHPDUURZDQGO\PSKQRGHV
7KLV UHVHDUFK FRQFOXGHV WKDW ORFDO LUUDGLDWLRQ RI KHDOWK\ OXQJ WLVVXH FDXVHV '1$
GDPDJHLQWKHHSLWKHOLDOFHOOVZKLFKOHDGVWRDFWLYDWLRQRIVLJQDOFDVFDGHVWKDWWULJJHU
VHFUHWLRQRIFKHPRNLQHVDQGF\WRNLQHV1RWDEO\DQXSUHJXODWHGVHFUHWLRQRI&;&/
DQG 0,) LV VHHQ %RWK DFWLYDWH WKH &;&5 UHFHSWRU RQ WKH EUHDVW FDQFHU FHOOV
UHVXOWLQJ LQ DFWLYDWLRQ RI VLJQDO WUDQVGXFWLRQ SDWKZD\V ,Q LWV WXUQ WKLV VWLPXODWHV
FKHPRWD[LV DQGKRPLQJRI EUHDVW FDQFHU FHOOV WR WKH OXQJV%UHDVW FDQFHU FHOOVZLOO
UHPDLQ LQWKH OXQJZKHUHKLJK OHYHOVRI&;&/DQG0,)SURYLGHWKHFDQFHUFHOOV
ZLWK VXUYLYDO DQG JURZWK IDFWRUV GLUHFWO\ RU LQGLUHFWO\ WKURXJK IRUPDWLRQ RI QHZ
EORRG YHVVHOV 7KH PHWDVWDWLF QLFKH IRUPDWLRQ LV NQRZQ WR EH HQKDQFHG E\ WKH
SULPDU\WXPRUZKRVHVHFUHWHGIDFWRUVFUHDWHDQHQYLURQPHQWWKDWIDYRUVKRPLQJDQG
JURZWK RIPHWDVWDVLV DW D VSHFLILF GLVWDQW VLWH 7KH UHVXOWV VKRZ WKDW DFFLGHQWDO
LUUDGLDWLRQRIQRUPDOOXQJWLVVXHHQKDQFHVWKHIRUPDWLRQRIWKLVPHWDVWDWLFQLFKHDQG
WKH SHUVLVWHQW JURZWK RI PHWDVWDVLV /RFDO &;&/ DQG 0,) SURGXFWLRQ FDXVHV
DWWUDFWLRQDQGDFWLYDWLRQRIVWHPFHOOVERQHPDUURZGHULYHGHQGRWKHOLDOSURJHQLWRU
FHOOV LPPXQH FHOOV DQG ORFDO VWURPDO FHOOV ZKLFK FUHDWHV D VXLWDEOH ّVRLOْ LQ WKH
LUUDGLDWHGOXQJ6WLPXODWHGDWWUDFWLRQRIFLUFXODWLQJFDQFHUFHOOVّVHHGVْLVVHHQ
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DFFRPSDQLHG E\ D VWLPXODWLRQ RI WUDQVHQGRWKHOLDO PLJUDWLRQ H[WUDYDVDWLRQ DQG
JURZWK RI WKH SUHVHQW FDQFHU FHOOV ,QWHUHVWLQJO\ KLJK OHYHOV RI &;&5 DUH
REVHUYHGLQEUHDVWFDQFHUVWHPFHOOVWKDWLQLWLDWHPHWDVWDVLVIRUPDWLRQ
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 Chapter 
9 
Role of CXCR4 pathway as therapeutic 
target or prognostic/diagnostic marker 
in TNBC 
9 9. 
 9.1 Therapeutic target 
2QH RI WKH UHVHDUFK JRDOV ZDV WR LQYHVWLJDWH LI LQKLELWLRQ RI WKH &;&5 SDWKZD\
FRXOGXQGRWKHSURPHWDVWDWLFHIIHFWVRIUDGLDWLRQ,QWKHLQYHVWLJDWLRQZHPDGHXVH
RI DQ DOORVWHULF LQKLELWRU RI WKH &;&5 UHFHSWRU $0' :KHQ EORFNLQJ WKH
&;&5 UHFHSWRU ERWK LQ YLWUR DQG LQ YLYR D GHFUHDVH LQ LQ YLWUR PHWDVWDWLF
SURPRWLQJFKDUDFWHULVWLFVDQGDGHFUHDVHRIPHWDVWDWLFORDGLQYLYRLVVHHQ)LJ$
,Q DSUHOLPLQDU\ H[SHULPHQWZH WUHDWHGPLFHZLWK$0' VWDUWLQJ GD\V DIWHU
RUWKRWRSLFDO LQMHFWLRQ RI 7BOXF FHOOV  GD\V DIWHU LUUDGLDWLRQ 0LFH ZHUH
UDQGRPL]HGWRKDYHWKHVDPHPHDQWXPRUVL]H LQDOOJURXSV2QHJURXSZLWK 
LUUDGLDWLRQ RI WKH ULJKW OXQJ ZHUH LQMHFWHG WZLFH D GD\ LQWR WKH SHULWRQHXP ZLWK
$0'GLVVROYHGLQ3%6'PJNJPLFH&RQWUROJURXSVLUUDGLDWLRQ
ULJKWOXQJDQGVKDPZHUHLQMHFWHGZLWK3%6'YHKLFOH7KLVZDVUHSHDWHGWLPHVD
ZHHNXQWLO GD\ ZKHQ WKHPLFHZHUH VDFULILFHG%LROXPLQHVFHQW TXDQWLILFDWLRQ RI
WKH OXQJVVKRZHGWKDWWUHDWPHQWZLWK$0'GHFUHDVHGPHWDVWDVLV IRUPDWLRQE\
FRPSDUHGWRXQWUHDWHG LUUDGLDWHG OXQJV35/YV35/$0'[
SV YV  [  SV PHDQ GDWD ZHUH QRW VLJQLILFDQW:KHQ FRPSDUHG WR QRQ
LUUDGLDWHGOXQJVWKHPHWDVWDWLFVLJQDOZDVVLPLODUVKDPYV35/$0'[
 SV YV  [  SV 3ULPDU\ WXPRU JURZWK ZDV VLPLODU LQ DOO  JURXSV
VKRZLQJWKDW$0'KDGQRHIIHFWRQSULPDU\WXPRUJURZWK)LJ%.R]LQHW
DO UHYHDOHG WKDW WKH FRPELQDWLRQ RI $0' ZLWK UDGLRWKHUDS\ LQGXFHV D
VLJQLILFDQWGHOD\LQWXPRUJURZWKDQGFXUDELOLW\RIEUHDVWFDQFHUFHOOV+RZHYHUWKLV
ZDV RQO\ VHHQ ZKHQ $0' WUHDWPHQW VWDUWHG LPPHGLDWHO\ DIWHU UDGLDWLRQ
H[SRVXUH:KHQWUHDWPHQWZDVVWDUWHGGD\VDIWHUUDGLRWKHUDS\QRVLJQLILFDQWHIIHFW
RQEUHDVW FDQFHU FHOOVZDV VHHQ7KLV VWXG\ VKRZVQRW RQO\ WKH LPSRUWDQFH RI WKH
LGHQWLILFDWLRQ RI DQ RSWLPDO WUHDWPHQW VFKHGXOH EXW DOVR WKH WHPSRUDO UROH RI
&;&/&;&5 SDWKZD\ LQ WXPRU SURJUHVVLRQ$PDMRU SUREOHPZLWK$0'
DUHWKHORQJWHUPWR[LFHIIHFWV.DODWVND\DHWDOVKRZHGDOVRDQDJRQLVWLFHIIHFWRI
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$0'RQWKH&;&5UHFHSWRUWKLVSUREDEO\FRQWULEXWHVWRWKHORQJWHUPWR[LF
HIIHFWV
Figure 4: In vivo effect of AMD3100 treatment. 4 week old BALB/c female mice were injected 
orthotopically with 1 x 106 4T1_luc cells in 0.1 mL of serum-free DMEM with 50% Matrigel A. 28 days 
after implantation of the cells, mice were sacrificed and total lung metastasis was quantified by 
bioluminescent imaging. PRL + placebo and PRL + AMD3100: n=6 and sham + placebo: n=5. Lung was 
measured as one. B. Tumor formation was monitored for 28 days by caliper measurement. Tumor 
volumes were measured as indicated. PRL + placebo and PRL + AMD3100: n=6 and sham + placebo: 
n=5.  

:HVKRZHGWKDWGRZQVWUHDPLQKLELWLRQRI(5.DFWLYDWLRQXQGHUFRQWUROFRQGLWLRQV
UHVXOWV LQ FRPSHQVDWRU\ DFWLYDWLRQ RI$NW DQG67$7ZKLFK FDQ UHVXOW LQ WXPRU
SURPRWLQJHIIHFWV7KHUHIRUHZHSUHIHUD WUHDWPHQW WKDWEORFNVHLWKHU WKH&;&5
UHFHSWRU RU VHOHFWLYHO\ EORFNV &;&/ DQG 0,) ,Q WKH GHYHORSPHQW RI QHZ
WKHUDSHXWLFVWUDWHJLHVWKH5VRIUDGLRELRORJ\ZLOOEHYHU\LPSRUWDQWZKHUHHDFK5
VKRXOGEHFRQVLGHUHGDVDGRXEOHHGJHGVZRUGWDNLQJFDUHRIWKHUHSDLUUHSRSXODWLRQ
UHGLVWULEXWLRQUHR[\JHQDWLRQDQGUDGLRVHQVLWLYLW\RIFDQFHUFHOOV
&OLQLFDO VWXGLHV VKRZHG WKDW &;&5 LQKLELWLRQ GHFUHDVHV EUHDVW FDQFHU FHOO
SURJUHVVLRQ 3HQJ HW DO PDGH XVH RI D VPDOO SHSWLGH DQWDJRQLVW RI &;&5
/< WKDW EORFNV ELQGLQJ RI &;&/ DQG &;&/LQGXFHG *73 ELQGLQJ
7KHXVHRIWKHDQWDJRQLVWUHGXFHGOXQJPHWDVWDVLVE\EORFNLQJWKHPLJUDWLRQKRPLQJ
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 SURFHVVRIEUHDVWFDQFHUFHOOVZLWKWROHUDEOHVLGHHIIHFWV7UHDWPHQWZLWK&;&/
SHSWLGH DQDORJXHV &7&( VLJQLILFDQWO\ UHGXFHVPHWDVWDVLV DVZHOO DV SULPDU\
WXPRUJURZWKLQDPRXVHPRGHORIEUHDVWFDQFHU,QKLELWLRQRI&;&5RU0,)DQG
&;&/SHSWLGHDQDORJXHVZRXOGRQO\KDYHDSDUWLDOHIIHFW
$EHWWHUZD\ WRSUHYHQW UDGLDWLRQLQGXFHGPHWDVWDVLV LV E\ GLUHFWQHXWUDOL]DWLRQRI
&;&/ DQG0,) VLQFH ERWK F\WRNLQHV QRW RQO\ DFWLYDWH &;&5 EXW DOVR RWKHU
UHFHSWRUV &;&/ LV NQRZQ WR DFWLYDWH WKH &;&5 UHFHSWRU0LDR HW DO IRXQG
WKDW &;&5 DFWLYDWLRQ SURPRWHV EUHDVW FDQFHU JURZWK LQ YLYR DQG LWV H[SUHVVLRQ
OHYHO LQIOXHQFHV OXQJ PHWDVWDVLV 0,) FDQ DFWLYDWH &' ZKLFK UHVXOWV LQ EUHDVW
FDQFHU FHOO JURZWK ,W DOVR VWLPXODWHV &;&5 ,/5% DQG EHFDXVH RI LWV '
VLPLODULW\ WR ,/ LW KDV D FKHPRNLQHOLNH IXQFWLRQ EXW QR HIIHFWV DUH GHVFULEHG LQ
EUHDVW FDQFHU FHOOV $ SHSWLGH DQDORJXH ZRXOG RQO\ ELQG WR D ELQGLQJ VLWH RQ D
VSHFLILF UHFHSWRU 7KH DQDORJXH VKRXOG FRQWDLQ DPLQR DFLG VHTXHQFHV WKDW ILW WR
ELQGLQJ VLWHV RI DOO SRVVLEOH DFWLYDWHG UHFHSWRUV ZKLFK DW WKLV PRPHQW LV QRW
DYDLODEOH 1HXWUDOL]LQJ &;&/ DQG 0,) ZRXOG PDNH WKH OXQJ HQYLURQPHQW OHVV
UHFHSWLYHZKLFKZRXOGOHDGWRUHGXFHGFKHPRWD[LVDQGKRPLQJRI%&&LQWKHOXQJ
,W ZRXOG QRW RQO\ DIIHFW FDQFHU FHOOV EXW WUDIILFNLQJ RI ERQH PDUURZ GHULYHG
SURJHQLWRUFHOOVDQGORFDOVWURPDOFHOOVZRXOGDOVREHLQKLELWHGUHVXOWLQJLQQRWRQO\D
OHVVPHWDVWDWLFUHFHSWLYHHQYLURQPHQWEXWDOVRLQUHGXFHGILEURVLV5RFFDURHWDO
VKRZHGWKDW&;&/QHXWUDOL]DWLRQOHDGVWRDERQHPDUURZPLFURHQYLURQPHQWWKDW
LVOHVVUHFHSWLYHIRUPXOWLSOHP\HORPDZKLFKUHVXOWHGLQDUHGXFWLRQRIPHODQRPDFHOO
KRPLQJDQGJURZWK
$VVKRZQLQRXULQYLYRPRGHOEORFNLQJWKH&;&/&;&5SDWKZD\DORQHKDGQR
HIIHFWV RQ WKH DOUHDG\ HVWDEOLVKHG SULPDU\ WXPRU 7KH XVH RI DQWL&;&/ DJHQWV
ZRXOGQRWEHEHQHILFLDOLQSDWLHQWVZLWKORFDOL]HGGLVHDVH,WUDWKHUZRXOGEHXVHGIRU
GHOD\LQJ RU LQ RSWLPDO FRQGLWLRQV SUHYHQWLQJ PHWDVWDVLV IRUPDWLRQ 7KH XOWLPDWH
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JRDO LV WR ILQG D WUHDWPHQW WKDW LQKLELWV WKH QHJDWLYH HIIHFWV RI UDGLRWKHUDS\ DQG
FRPSOHPHQWWKHHIIHFWRIWKHFKHPRWKHUDS\
,Q WKH OLWHUDWXUH ZH ILQG WKDW &;&5 DFWLYDWLRQ LV DOVR UHVSRQVLEOH IRU WXPRU
UHVLVWDQFHWRFKHPRDQGUDGLRWKHUDS\7KLV LVDFKLHYHGERWKGLUHFWO\E\SURPRWLQJ
FDQFHUFHOOVXUYLYDOLQYDVLRQDQGLQLWLDWLRQRIFLUFXODWLQJVWHPFHOOVDQGLQGLUHFWO\E\
WKH UHFUXLWPHQW RI ERQH PDUURZ GHULYHG FHOOV SURPRWLQJ WXPRU UHFXUUHQFH DQG
PHWDVWDVLVDQGE\SURPRWLQJDQJLRJHQHVLVLQGHSHQGHQWRI9(*),QKLELWLRQRI
WKH&;&5SDWKZD\QRWRQO\SUHYHQWVVLGHHIIHFWVRIUDGLRWKHUDS\EXWDOVRVHQVLWL]HV
WKHFDQFHUFHOOVWRFKHPRWKHUDS\
:HFRQFOXGHWKDWIXUWKHUSUHFOLQLFDOPRGHOVDQGFOLQLFDOVWXGLHVVKRXOGEHGHYHORSHG
WR FORVHO\ UHFDSLWXODWH WKH FOLQLFDO IHDWXUHV DQG WKH UHVSRQVH WR0,) DQG &;&/
LQKLELWRUVFRPELQHGZLWKUDGLRWKHUDS\DVWUHDWPHQWIRU71%&SDWLHQWV

9.2 CXCL12 or MIF as biomarker  
'HWHFWLRQ RI 0,) DQG &;&/ FRQFHQWUDWLRQV LQ SDWLHQWV FRXOG EH XVHIXO WR
GHWHUPLQHWKHSRWHQWLDOHIIHFWRIUDGLRWKHUSD\LQSDWLHQWV
0 HDVXUHPHQWRI&;&/DQG0 ,)OHYHOVLQSDWLHQWV
6KXHWDOPHDVXUHG&;&/ OHYHOV LQ%$/)DQGVHUXPRIPLFHDWGLIIHUHQW WLPH
SRLQW DIWHU ZKROH WKRUD[ LUUDGLDWLRQ $ VLJQLILFDQW LQFUHDVH ZDV REVHUYHG LQ %$/)
&;&/OHYHOGD\DIWHU LUUDGLDWLRQZKLOHDVLJQLILFDQWLQFUHDVHLQ&;&/VHUXP
OHYHO ZDV REVHUYHG RQO\  GD\V DIWHU LUUDGLDWLRQ 6LJQLILFDQWO\ HOHYDWHG0,) OHYHO
ZHUH VHHQ LQ VHUXP VDPSOHV RI EUHDVW FDQFHU SDWLHQWV ZLWK PHWDVWDWLF GLVHDVH
FRPSDUHG WR KHDOWK\ DQG ORFDOL]HG EUHDVW FDQFHU SDWLHQWV +LJKHU SUHWKHUDSHXWLF
OHYHOVRI0,)ZHUHVHHQLQQRQUHVSRQVLYHSDWLHQWV,QWKLVVWXG\QRGLIIHUHQFHZDV
PDGH EHWZHHQ QRQ71%& DQG 71%& $OWKRXJK %$/) VHHPV WR EH WKH PRVW
DFFXUDWH VSHFLPHQ WR VWXG\ HOHYDWHG OHYHOV RI &;&/ DQG 0,) ZH SUHIHU XVLQJ
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 EORRGVDPSOHVEHFDXVHWKHFROOHFWLRQSURFHGXUHLVOHVVLQYDVLYHIRUWKHSDWLHQWV'XH
WRWKHF\WRNLQHVWDELOLW\SODVPDLVSUHIHUUHG3ODWHOHWIUDJPHQWVFDQELQGWR&;&/
LQVHUXPFRQGLWLRQVZKLFKUHGXFHWKHDYDLODEOHDPRXQWIRUTXDQWLILFDWLRQ+XPDQ
SODVPD&;&/FRQFHQWUDWLRQFDQEHVWDEOHIRUKRXUVZKHQEORRGLVSODFHGRQLFH
LPPHGLDWHO\ DIWHU VDPSOLQJ $OVR PHDVXUHPHQWV RI 0,) OHYHOV DUH SUHIHUUHG LQ
SODVPD VDPSOHV DQG LPPHGLDWH SURFHVVLQJ RI VDPSOHV LV UHFRPPHQGHG WR DYRLG
KDHPRO\VLV
What are the basal levels of both cytokines and what are the factors besides 
radiation that can elevate these levels? 
,QFHOOFXOWXUHDQGLQODERUDWRU\PRXVHVWXGLHVWKLVEDVDOOHYHOLVUHODWLYHO\FRQVWDQW
EHFDXVHRIWKH OLPLWLQJHQYLURQPHQWDODQGGLVHDVHUHODWHGIDFWRUV ,QKXPDQVWKLV LV
QRW WKH FDVH (QYLURQPHQWDO IDFWRUV DQG RWKHU GLVHDVHV FDQ FDXVH HOHYDWHG VHUXP
OHYHOV RI &;&/ DQG0,) (OHYDWLRQ RI &;&/ DQG0,) VHUXP OHYHOV DUH VHHQ
GXULQJ DFXWH OXQJ LQMXU\ LQIHFWLRXV GLVHDVHV DQG VHSVLV WUDQVSODQWDWLRQ UHMHFWLRQ
DXWRLPPXQH GLVHDVHV OXSXV UKHXPDWRLG DUWKULWLV ٘ PHWDEROLF GLVHDVHV W\SH ,,
GLDEHWHVLQIODPPDWRU\OXQJGLVRUGHUDVWKPDDQGDUWHULRVFOHURVLV
7KH SUREOHP LV WKDW EHVLGHV FDQFHUHQYLURQPHQWDO FHOOV VRPH EUHDVW FDQFHU FHOOV
WKHPVHOYHVSURGXFH0,)ZKLFKFRQWULEXWHVWRWKHRYHUH[SUHVVLRQRI0,)GHWHFWHGLQ
EUHDVWFDQFHUWLVVXHV7KHUHLVHYLGHQFHWKDW0,)VHFUHWLRQE\EUHDVWFDQFHUFHOOVLV
XSUHJXODWHG E\ H[RJHQRXV0,) DQG0,) OHYHOV LQ VHUXP DUH LQFUHDVHG LQ EUHDVW
FDQFHUSDWLHQWVLQGHSHQGHQWO\RIWXPRUFKDUDFWHULVWLFV+HQFHHOHYDWHGOHYHOVFRXOG
EH VHHQ EHIRUH WUHDWPHQW DQG FRPSDULVRQ RI VHUXP OHYHOV FDQ RQO\ EH GRQH LQ D
SDWLHQWVSHFLILFPDQQHU
What is the time-point after irradiation to return to the basal level? 
6KXHWDOPHDVXUHGVLJQLILFDQWLQFUHDVHGOHYHOVRI&;&/LQVHUXPXSWRGD\V
DIWHU ,5 ,Q %$/) D VLJQLILFDQW LQFUHDVH ZDV PHDVXUHG XS WR  GD\V DIWHU ,5
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 )XUWKHU FOLQLFDO LQYHVWLJDWLRQ QHHGV WR EH SHUIRUPHG WR GHWHUPLQH DW ZKLFK WLPH
SRLQWVDSHDNDQGWKHUHWXUQWRWKHEDVDOOHYHOLVVHHQ
9.3 CXCR4 as prognostic marker  
<X HW DO UHSRUWHG WKDW KLJK OHYHO RI &;&5 LQ WULSOHQHJDWLYH EUHDVW FDQFHU
VSHFLPHQVDUHDVVRFLDWHGZLWKDSRRUFOLQLFDORXWFRPH+LJK&;&5H[SUHVVLRQ LQ
SULPDU\WXPRULVUHODWHGWRPRUHH[WHQVLYHPHWDVWDVLVWRWKHO\PSKQRGHV/1DQG
IRFDOVWDLQLQJRI&;&5LVDOVRDVVRFLDWHGZLWKPRUHPHWDVWDVLVWR/1FRPSDUHGWR
GLIIXVHVWDLQLQJRI&;&5LQSULPDU\WXPRU$OWKRXJK&;&5H[SUHVVLRQLVDEVHQW
RUYHU\ ORZLQQRUPDOEUHDVWHSLWKHOLXP&;&5XSUHJXODWLRQ LVDOUHDG\SUHVHQW LQ
'&,6DQG'&,6ZLWK LQYDVLYH IRFL$Q LQFUHDVH LQ&;&5 OHYHO LV VHHQDVFDQFHU
SURJUHVVHVIURPDW\SLFDOK\SHUSODVLDWRLQYDVLYHFDQFHU
2XUUHVHDUFKVKRZHGWKDWUDGLRWKHUDS\DVPRQRWKHUDS\FRXOGEHGLVDGYDQWDJHRXVIRU
&;&5H[SUHVVLQJ71%&FHOOV,UUDGLDWLRQRIOXQJWLVVXHLQGXFHVLQFUHDVHGVHFUHWLRQ
RI &;&/ DQG0,) ZKLFK ZLOO LQWHUDFW ZLWK WKH &;&5 UHFHSWRU RQ WKH EUHDVW
FDQFHUV FHOOV 7KLVZLOO LQLWLDWH VLJQDOLQJ FDVFDGHV UHVXOWLQJ LQPHWDVWDVLVSURPRWLQJ
HYHQWV 6R FRPELQHGWKHUDS\ RI UDGLRWKHUDS\ZLWK&;&/ DQG0,)QHXWUDOL]LQJ
FRPSRXQGVVKRXOGEHSUHIHUUHG

9.4 CXCR4 as diagnostic marker  
/LDQJ HW DO GHYHORSHG D ELRWLQ\ODWHG SUREH IRU &;&5 WKDW FDQ EH XVHG DV
UDGLRWUDFHU WR GHWHFW &;&5 LQ OLYLQJ DQLPDOV ZLWK 3(7 VFDQ >&X@ $0'
ZDVVXFFHVVIXOO\XVHGE\1LPPDJDGGDHWDOWRGHWHFWOXQJPHWDVWDVLVLQDQLQYLYR
EUHDVWFDQFHUPRGHO7KLVFDQEHXVHIXOWRGHWHFWPHWDVWDVLVE\PROHFXODULPDJLQJ
LQSDWLHQWV
7KH FKDOOHQJH LV PDNLQJ D GLIIHUHQFH EHWZHHQ &;&5EHDULQJ PHWDVWDVLV DQG
&;&5EHDULQJQRUPDOWLVVXH$QRWKHUFKDOOHQJHLVWKHHIIHFWRIUDGLRODEHOLQJRQWKH
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 SKDUPDFRNLQHWLFVRIWKHWUDFHUDQGLWVDIILQLW\IRU&;&5UHFHSWRU6LQFHPROHFXODU
LPDJLQJ EHFRPHV PRUH LPSRUWDQW LQ WDUJHWHG WKHUDS\ WULDOV VWXGLHV RQ &;&5
WUDFHUVFRXOGEHYHU\LQWHUHVWLQJ
 
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 $VGHVFULEHG LQWKLVWKHVLVRXU LQYLWURDQG LQYLYRH[SHULPHQWVGHPRQVWUDWHGWKDW
LUUDGLDWLRQ RI KHDOWK\ OXQJ WLVVXHSURPRWHVPHWDVWDVLV IRUPDWLRQ LQ71%& WKURXJK
DFWLYDWLRQ RI WKH &;&5 SDWKZD\ RQ WKH EUHDVW FDQFHU FHOOV 7R RSWLPL]H
UDGLRWKHUDS\WUHDWPHQWRIEUHDVWFDQFHUSDWLHQWDQGWRVWXG\LWVXQZDQWHGHIIHFWRQ
KHDOWK\WLVVXHDPRUHFOLQLFDOO\UHOHYDQWLQYLYRPRGHOLVZDUUDQWHG
Proposal in vivo set-up (Fig. 5) 
Figure 5: Future perspectives - in vivo set-up 
2XULQYLYRPRGHOUHYHDOHGE\ELROXPLQHVFHQWIROORZXSWKDW7BOXFFHOOVJLYHULVH
WROXQJPHWDVWDVLVZLWKLQGD\V,QVWHDGRILQMHFWLRQLQWRWKHWKPDPPDU\IDWSDG
DPRUHSDWLHQW UHOHYDQWSRVLWLRQ FDQEHXVHGDV LQMHFWLRQ VLWH:KHQXVLQJ WKHQG
PDPPDU\IDWSDGWKHEUHDVWFDQFHULVIRUPHGORFDWHGLQDPRUHVLPLODUSODFHDVLQ
KXPDQ EUHDVW FDQFHU SDWLHQWV 7KLV UHVXOWV LQ D PRUH FOLQLFDOO\ UHOHYDQW FROODWHUDO
GDPDJH SDWWHUQ DIWHU UDGLRWKHUDS\ 7KH SUREOHPZLWK WKLV VHWXS LV WKDW WKRUDFLF
ELROXPLQHVFHQW VLJQDOV FDQ HLWKHU UHSUHVHQW EUHDVW FDQFHU ORFDO UHFXUUHQFH RU OXQJ
PHWDVWDVLV0RUH VRSKLVWLFDWHG LPDJLQJ WRROV VXFK DV VPDOO DQLPDO05, FDQ VROYH
WKLVSUREOHP
,Q WKH IXWXUH ZH ZRXOG OLNH WR UHPRYH WKH SULPDU\ WXPRU EHIRUH VWDUWLQJ
UDGLRWKHUDS\ 7KH WXPRU QHHGV WR EH UHPRYHG EHIRUH IRUPDWLRQ RI YLVLEOH OXQJ
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PHWDVWDVLV +HQFH ILUVW ZH ZRXOG QHHG WR H[DPLQH WKH H[DFW WLPH SRLQW ZKHQ WKH
SULPDU\WXPRUUHVXOWVLQPHWDVWDVLVIRUPDWLRQLQWKHOXQJ
$IWHU VXUJHU\ WKH SULPDU\ WXPRU EHG ZLOO EH LUUDGLDWHG DFFRUGLQJ WR WKH SDWLHQW
VLWXDWLRQ /RRNLQJ DW UDGLRWKHUDS\ VFKHGXOHV RI 71%& SDWLHQWV DW 8= *KHQW 
LUUDGLDWLRQ VFKHGXOHV DUH SRVVLEOH QRUPRIUDFWLRQDWHG  [ *\ RU  [ *\ RU
K\SRIUDFWLRQDWHGUDGLDWLRQVFKHGXOH[*\[*\7KLVJLYHVXVWKH
SRVVLELOLW\ WR VWXG\ LI WKHUH LV DQ\GLIIHUHQFH LQPHWDVWDVLV IRUPDWLRQGHSHQGHQW RQ
LUUDGLDWLRQVFKHGXOH6$553RSWLPL]DWLRQDOORZV\LHOGLQJEHDPVIURPGLIIHUHQWDUFV
WKXVHQDEOLQJPXOWLSOHILHOGLUUDGLDWLRQV%XWVWLOODSUREOHPH[LVWVZLWKSRVLWLRQLQJRI
WKHPRXVH)RUHDFK LQGLYLGXDOPRXVHDUHVWUDLQHU LVQHHGHGWRNHHS LW LQWKHVDPH
SRVLWLRQGXULQJHYHU\UDGLDWLRQVHVVLRQ
,IWKHUHLVDGLIIHUHQFH LQPHWDVWDVLVIRUPDWLRQZHZRXOGOLNHWRVHWXSH[SHULPHQWV
ZLWKUDGLRWKHUDS\LQFRPELQDWLRQZLWK&;&5LQKLELWRUVRU&;&/QHXWUDOL]LQJRU
0,)QHXWUDOL]LQJDJHQWVRUFRPELQDWLRQVRIDOORI WKHDERYH7KHFRPELQDWLRQZLWK
WKHEHVWRXWFRPHZLWKWKHOHDVWPHWDVWDVLVDQGWKHOHDVWVLGHHIIHFWVZLOOEHXVHGIRU
IXUWKHULQYHVWLJDWLRQ)XUWKHUPRUHEORRGVDPSOHVZLOOEHWDNHQWRIROORZXSFKDQJHV
LQ VHUXP OHYHOV RI &;&/ DQG 0,) 7KLV JLYHV XV WKH RSSRUWXQLW\ WR VHWXS D
UHOHYDQWWUHDWPHQWVFKHGXOH
3RVWPRUWHP DQDO\VLV ZLOO FRQVLVW RI +	( VWDLQLQJ RI OXQJ WLVVXH WR YLVXDOL]H
PHWDVWDVLV IRUPDWLRQ ,W ZRXOG EH LGHDO WR XVH D VSHFLILF OXFLIHUDVH DQWLERG\ IRU
LPPXQRKLVWRFKHPLVWU\ VWDLQLQJ VR RQO\ OXFLIHUDVHFRQWDLQLQJ FHOOV ZRXOG EH
YLVXDOL]HG
Proposal for patient samples (Fig. 6) 
$GGLWLRQDOLQYHVWLJDWLRQVRISDWLHQWVDPSOHVFRXOGEHLQWHUHVWLQJWRVHHLIWKHUHLVDQ\
FKDQJH LQ &;&/ DQGRU 0,) SODVPD OHYHOV GXULQJ WUHDWPHQW SURFHGXUH DQG LI
WKHVHFKDQJHVLQSODVPDOHYHOVFRUUHODWHWRLQFUHDVHGPHWDVWDVLVIRUPDWLRQ:HZDQW
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 WRVWXG\WKHEDVDOOHYHOVRI&;&/DQG0,)LQ71%&SDWLHQWV7KHF\WRNLQHZLWK
WKHPLQLPDO LQWHUSDWLHQWYDULDQFHZRXOGEHXVHGIRU IXUWKHUUHVHDUFK)ROORZXSRI
WKH F\WRNLQH OHYHO ZLOO EH GRQH LQ SDWLHQWV GXULQJ WUHDWPHQW 6HFRQGO\ EHFDXVH
FKHPR RU WDUJHWHG WKHUDSHXWLFV FRXOG KDYH DQ HIIHFW RQ WKH F\WRNLQH OHYHO WKLV
VKRXOGEHPRQLWRUHGDVZHOO,QSDWLHQWVWXGLHVDUHODWLYHFKDQJHLQF\WRNLQHOHYHOLV
PRUHLPSRUWDQWWKDQDEVROXWHFKDQJHDQGLQRXUFDVHWKHUHODWLYHFKDQJHEHIRUHDQG
DIWHUUDGLRWKHUDS\:HFDQVWXG\LIWKHUHLVDQ\HIIHFWRIUDGLDWLRQWUHDWPHQWVFKHGXOH
RUSDWLHQWSRVLWLRQGXULQJUDGLRWKHUDS\SURQHYHUVXVVXSLQHSRVLWLRQ

Figure 6: Proposal patient study – time schedule. The figure represents a treatment schedule of an 
average TNBC patient in time. Arrows indicating treatment start and end date. Asterisks indicate time 
points of blood sample collection and determination of the cytokine levels. 
 
7KH SDWLHQW QHHGV WR EH IROORZHGXS IRU DW OHDVW  \HDUV EHFDXVH WKH PDMRULW\ RI
PHWDVWDVLV LQ 71%& PDQLIHVWV \ DIWHU UDGLRWKHUDS\ ,I WKHUH LV D FRUUHODWLRQ
EHWZHHQ HOHYDWHG VHUXP OHYHOV RI &;&/ RU 0,) DQG OXQJ PHWDVWDVLV IRUPDWLRQ
DIWHU UDGLRWKHUDS\ SDWLHQWV FDQ EH VHOHFWHG DQG FOLQLFDO WULDOV FDQ EH VHWXS IRU
FRPELQDWLRQWKHUDS\RIUDGLRWKHUDS\DQGF\WRNLQHLQKLELWLQJDJHQWV
$VLOOXVWUDWHGLQWKLVGLVFXVVLRQWKHODFNRIUHVHDUFKRQWKHHIIHFWRIUDGLRWKHUDS\RQ
KHDOWK\ WLVVXH LQ SDWLHQWV SURYHV WKDW IXUWKHU UHVHDUFK LV QHHGHG 'R KRUPRQH
UHFHSWRUDQGRU+(5UHFHSWRUSRVLWLYHEUHDVWFDQFHUFHOOVUHVSRQGWKHVDPHZD\DV
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WULSOHQHJDWLYH EUHDVW FDQFHU FHOOV WR UDGLRWKHUDS\ DQG LI QRW ZKLFK F\WRNLQHV RU
PHFKDQLVPSOD\DQLPSRUWDQWUROHDIWHUUDGLRWKHUDS\"$VIRUWULSOHQHJDWLYHEUHDVW
WKHHIIHFWRIRWKHUF\WRNLQHVWKDQ&;&/DQG0,)QHHGWREHIXUWKHULQYHVWLJDWHG
1RWRQO\ LQEUHDVW FDQFHUEXWDOVR LQ FRORQSURVWDWHRURWKHU W\SHVRI FDQFHU WKLV
UHVHDUFK FRXOG EH XVHIXO $UH WKH VDPH F\WRNLQH XSUHJXODWLRQ VHHQ DV LQ WULSOH
QHJDWLYHEUHDVWFDQFHURUDUHRWKHUF\WRNLQHPRUHHOHYDWHGDIWHULUUDGLDWLRQ"$UHWKH
VDPHPHFKDQLVPVDFWLYDWHG"
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Dankwoord 
1DYHHOYDOOHQHQRSVWDDQEHQLNJHNRPHQWRWZDWLNYDQGDDJKHEEHUHLNW2SGH]H
WRFKW YRO KLQGHUQLVVHQ KHE LN HQRUPYHHO VWHXQ JHKDG YDQGH YHOHPHQVHQ URQGRP
PLM,NZLOMXOOLHGDQRRNLQGLWGHHOYDQPLMQWKHVLVLQGHYHUI]HWWHQ
$OV HHUVW ZLO LN PLMQ SURPRWRU 3URI 0DUF %UDFNH FRSURPRWRU 3URI 2OLYLHU 'H
:HYHUHQ9DNJURHSYRRU]LWWHU3URI&DUORV'H:DJWHUEHGDQNHQYRRUGHNDQVGLH]H
PLMJHJHYHQKHEEHQRPGLWGRFWRUDDWWHPRJHQXLWYRHUHQ9RRUKHWYHOHYHUWURXZHQ
HQ GH LQVSLUHUHQGH LGHH­Q HQ KHW EOLMYHQ JHORYHQ LQ PLMQ ZHUN RQGDQNV KHW ODQJH
ZDFKWHQRSGHHHUVWHUHVXOWDWHQ
2RN PLMQ GDQN DDQ GH YRRU]LWWHU HQ OHGHQ YDQ GH H[DPHQFRPPLVVLH YRRU KXQ
NULWLVFKH YUDJHQ HQ RSPHUNLQJHQ +HW OHHUGH PLM KHW RQGHU]RHN YDQ XLW HHQ DQGHU
VWDQGSXQWWH]LHQ-XOOLHSRVLWLHYHFRPPHQWDUHQZDUHQHHQERRVWWLMGHQVPLMQODDWVWH
ORRGMHV
,N ZLO RRN PLMQ FROOHJDَV RS KHW ODER H[SHULPHQWHHO NDQNHURQGHU]RHN EHGDQNHQ
*HRUJHV'H%UX\QHQ.RHQ-DFREVRRNDO]LMQMXOOLHQLHWPHHUDFWLHISUHVHQWJHZHHVW
WLMGHQVPLMQGRFWRUDDW MXOOLHKHEEHQPLMJHNQHHGHQJHYRUPGWRWGHZHWHQVFKDSSHU
GLHLNQXJHZRUGHQEHQ
2RN LQ WLMGHQV HHQ GRFWRUDDW LV HU FRPPXQLFDWLH WXVVHQ YHUVFKLOOHQGH HFRV\VWHPHQ
QRRG]DNHOLMN RP WH IXQFWLRQHUHQ (HQ KHHO WHDP YDQ RQGHU]RHNHUV HQ ODERUDQWHQ
KHEEHQ DDQ GH]H WKHVLV PHHJHZHUNW ZDDUYRRU HHQ JURWH GDQNXZHO DDQ GH /(&5
ODERUDQWHQHQPHGHZHUNHUVPHQVHQYDQKHW,QILQLW\ ODEGH+RJH6FKRRO*HQWKHW
05%HQQRJ]RYHHOPHHUFRIDFWRUHQ
'H]HSHULRGHZDVQLHWDOOHHQI\VLHNPDDURRNPHQWDDOVRPVKDUGWHYHUGXUHQ,NKHE
GDQRRNYHHOVWHXQJHNUHJHQ,QHHUVWHSODDWVWGRRUGHYHOHOHXNHPRPHQWHQQDHHQ
ODQJH ODERGDJ %HGDQNW KLHUYRRU DDQ DOPLMQ EXUHDXJHQRWHQ HQ YRRUDO DDQ *OHQQ
=X]D 'RULHQ HQ .DUOLHQ YRRU GH YHOH 7*,) IHHVWMHV 2RN GDQN DDQ PLMQ ّPHQWDO
FRDFKHVْ 0LHNH HQ 7LQH RP WH OXLVWHUHQ QDDU PLMQ YHOH SUREOHPHQ HQ PH RS WH
SHSSHQZDQQHHULNZHHUHHQVGLHS]DW9RRUGHYHOHVFKRSSHQRQGHUPLMQNRQWGDWLN
QLHW PRFKW RSJHYHQ HQPRHVW EOLMYHQ GRRUJDDQ =LH QX ZDDU LN VWD HQ LN KHE GLW
JURWHQGHHOVDDQMXOOLHWHGDQNHQ
(ULV««QSHUVRRQGLHLN]HNHUQLHWPDJYHUJHWHQ-DQ%HGDQNWRPHUDOWLMGYRRUPH
WH]LMQ'HYHOHXUHQKXOSPHWGHPXL]HQHQLQKHWODERRPPLMQWHNVWHQWRWRSGH
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ODDWVWHOHWWHUQDWHOH]HQHQWHYHUEHWHUHQPLMWHNDOPHUHQZDQQHHUKHWPHHYHQDOWH
KHFWLVFKZHUGHQQRJ]RYHHOPHHU,NNDQXHFKWQLHWJHQRHJEHGDQNHQ
,N KHE LQ GH]H SHULRGH MDPPHU JHQRHJPDDU DO WH YDDNPLMQYULHQGHQ ZHJJHFLMIHUG
ZDDUGRRULNHUPDDUDOWHYDDNQLHWZDVZDQQHHUQRGLJ/LHYHPHLVMHVYDQ'HHUOLMN
KRH JUDDJ LN MXOOLH DOOHPDDO HHQ KRRIGVWXN LQ GLW ERHN KDG JHJHYHQ GLW LV MDPPHU
JHQRHJQLHWPRJHOLMN'DDURPKLHUHHQNRUWHORI]DQJ-XOOLHKHEEHQPHDOWLMGJHVWHXQG
HQPHRSJHYUROLMNWRSGHPRPHQWHQGDW LNKHWQRGLJKDG'HZHHNHQGVZDDULQZH
VDPHQDIVSUDNHQ]LMQDOWLMGHHQPRPHQWJHZHHVWRPQDDUXLWWHNLMNHQHQ]LMQGLWQRJ
VWHHGV 2RN GDQN DDQ GH YULHQGHQ XLW PLMQ ELRPHGLVFK XQLHI YHUOHGHQ 'H EDE\
EH]RHNMHVHQJH]HOOLJHEDEEHOVNHHNHQNLMNLNDOWLMG]RKDUGQDDUXLW
0LMQ KRRIGURO NULMJW LQ GH JHHVW YDQ GLW RQGHU]RHN 0DDLNH ي QLHW HQNHO GH UHGHQ
ZDDURP LNRRLWNDQNHURQGHU]RHNZRXGRHQPDDURRNGHUHGHQZDDURP LNGLWQRRLW
KHERSJHJHYHQ2QGDQNVGHYHOHWHJHQVODJHQRSPLMQZHJLQVSLUHHUGHMRXZPRHGHQ
NUDFKWZDDUPHHMLM]RKDUGJHYRFKWHQKHEWPHRPGRRUWHGRHQ$OOHSUREOHPHQHQ
JHNODDJRPGLWGRFWRUDDWYHUGZLMQHQ LQKHWQLHWVELMGHGLQJHQGLH MLMKHEWPRHWHQ
GRRUVWDDQ9RRUPLMHQ]RYHHODQGHUHQEHQMHGHVWHUNVWHSHUVRRQGLHZHRRLWKHEEHQ
JHNHQG2QGDQNVKHWKDUGHYHFKWHQEOHHI MHJHQLHWHQYDQHONPRPHQWHQGLW ]DO LN
RRNSUREHUHQGRHQWHONHQVPHWMRXLQJHGDFKWHQ
8LWHUDDUGZLO LN RRNPLMQPDPD	SDSD EHGDQNHQ YRRU HHUVW EHGDQNW RPPLM GH
NDQVWHJHYHQRPWHVWXGHUHQHQWHJHORYHQLQPLMQYHUGHUHWRHNRPVW'HYHOHRSHQ
DIULWMHVQDDU*HQWPDPDEHQLNMHHHXZLJGDQNEDDUYRRU$OYDQNLQGVDIZDVLN
HHQ]ZDUWNLMNHUHQWLMGHQVGLWGRFWRUDDWVWDNKHWQRJYDDNGHNRSRSPDDUMXOOLH]LMQ
PHEOLMYHQVWHXQHQHQGLWJHHIWPHKHWYHUWURXZHQGDWDOOHVZHOJRHG]DONRPHQ,N
ZLORRNPLMQEURHU5XEHQEHGDQNHQ-HVWDDWDOWLMGYRRUPHNODDUDOVLNMHQRGLJKHE
ZHHW GDW LN HU RRN YRRU MH EHQ RRN DO KHE MH HU GH ODDWVWH MDUHQPDDUZHLQLJ YDQ
JHPHUNW 'H YHOH RQWVSDQQHQGHPRPHQWHQ RS FDI« RI WKXLV LQ GH ]HWHO KHEEHQPH
DOWLMGDDQKHWODFKHQJHEUDFKWHQKHEEHQPHHQRUPYHHOGHXJGJHGDDQ,NZHHW]HNHU
GDWZHHUQRJYHOHVDPHQJDDQEHOHYHQ
7KXLVNRPHQLVYRRUPLMDOWLMGHHQEHHWMHUHL]HQ*HSDNWHQJH]DNWZHJYDQGHGUXNNH
*HQWVH ELQQHQVWDG QDDU KHW :HVW9ODDPVH SODWWHODQG ,N ZLO KLHU JUDDJ PLMQ
VFKRRQRXGHUV 0LD HQ -RKDQ HQ RRN )ORUH HQ :LOOHP EHGDQNHQ 7LMGHQV PLMQ
GRFWRUDDW]LMQRRNMXOOLHGRRUHHQZRHOLJHSHULRGHJHJDDQGLHJH­LQGLJGLVLQKHWEHJLQ
YDQ LHWV ]HHUPRRLV ,NEHQEOLMGDW LNKLHUDDQKHEPRJHQPHHZHUNHQ2QGDQNVGH
GUXNNHGDJHQRSGHERHUGHULMZDVLNDOWLMGZHONRPHQQHHQLHW]RDOVLHGHUHHQGHQNW
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RPWHKHOSHQ-XOOLHKHEEHQPHDOWLMGJHVWHXQGHQYROLQWHUHVVHJHOXLVWHUGQDDUPLMQ
ZHUNZDDUYRRUGDQN
(QDOVODDWVWHGHEHODQJULMNVWHSHUVRRQLQPَQOHYHQ'HJHQHGLHKHWRRNKHWKDUGVW
WHYHUGXUHQKHHIW JHNUHJHQ WLMGHQVGLW GRFWRUDDW'HSHUVRRQGLH VDPHQPHWPHGH
YHOHPRRLHPDDURRNGHYHOHVOHFKWHPRPHQWHQKHHIWGRRUSORHWHUG.LP-RXZVWHXQ
ZDVYDQRQVFKDWEDUHZDDUGH,NKDGGLWQRRLW]RQGHUMHNXQQHQYROWRRLHQ'HNQXIIHO
HQ NXV QD HHQ ODQJH ZHUNGDJ KHW XUHQ OXLVWHUHQ QDDU KRH PLMQ GDJ ZDV PLMQ
RHIHQSXEOLHNYRRUSUHVHQWDWLHVGLWOLMNHQPDDUNOHLQHGLQJHQPDDUZDUHQYRRUPLMHUJ
EHODQJULMN ,N EHQ GDQ RRN KHHO EOLM RP GLW KRRIGVWXN WH NXQQHQ DIVOXLWHQ HQ HHQ
QLHXZ KRRIGVWXN VDPHQPHW MH WHPRJHQ VWDUWHQZDDULQ KHW YHUKDDO QLHWPHHU ]DO
JDDQRYHUPLMHQPLMQGRFWRUDDWPDDURYHURQVHQZDWGHWRHNRPVWEUHQJHQ]DO
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